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The distance scale to the sources of gamma-ray bursts (GRBs) with durations & 1 s has been established
as a consequence of observations made with the Beppo-SAX satellite (Costa et al. 1997; van Paradijs et al.
1997). The Beppo-SAX discovery of decaying X-ray afterglows permits follow-on optical observations that
give redshift determinations from absorption and emission lines in optical transient counterparts or from
directionally coincident host galaxies. About one dozen GRB sources have measured redshifts, with a mean
redshift z  1 for the sample. The distribution of redshifts is as yet poorly established, but ranges from
z = 0:0085 for GRB 980425 to z = 3:418 for GRB 971214. The redshift of GRB 980425 is based upon its
temporal and spatial coincidence with SN 1998bw (Galama et al. 1998; Kulkarni et al. 1998; Pian 2000), and
points to a relationship between GRB sources and supernovae (SNe). A GRB/SN relationship is strengthened
by the detection of highly reddened excesses in the optical afterglows of several GRBs, which would arise if
supernova ejecta, powered by the decay of radioactive
56
Ni (Bloom et al. 1999; Reichart 1999; Galama et al.
2000), are formed in GRB explosions. Measured -ray energy releases range from 10
48
ergs for GRB 980425
to  2:4 10
54
ergs for GRB 990123 at z = 1:60. Achromatic temporal breaks in the optical light curves of
GRB 990123 (Kulkarni et al. 1999) and GRB 990510 (Harrison et al. 1999) suggest, however, that the most
luminous GRBs might be beamed, so that only directional energy releases are actually measured. In the case
of GRB 990123, the directional -ray power and -ray energy release reach peak values @L
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Considerable evidence linking the sources of GRBs with star-forming regions in galaxies has recently
been obtained (see reviews by Lamb 1999; van Paradijs et al. 2000). Optical transients associated with
GRBs are superposed on the stellar elds of associated host galaxies in essentially all 14 cases of GRBs
with deep follow-up optical observations (van Paradijs et al. 2000; Fruchter et al. 1999; Bloom et al. 1999a;
Odewahn et al. 1998), rather than far outside the galaxies' disks, as might be expected in a scenario of
merging neutron stars and black holes (Narayan et al. 1992). Host galaxies that are directionally coincident
with optical transients discovered within the eld of GRB X-ray afterglows have blue colors, consistent
with galaxy types that are undergoing active star formation (Fruchter et al. 1999; Castander and Lamb
1999a,b). The host galaxy luminosities are consistent with a Schechter luminosity function (Schaefer 2000),
and span a wide range of extinction-corrected R magnitudes from R  13 for the host galaxy of GRB 980425
associated with SN1998bw to R > 27:1 for GRB 980326 (Schaefer 2000; Hogg and Fruchter 1999). Lack
of optical counterparts in some GRBs such as GRB 970828 and GRB 991226, which have associated radio
counterparts (Frail et al. 1999), could be due to extreme reddening from large quantities of gas and dust in
the host galaxy (e.g., Owens et al. 1998). Marginal X-ray evidence (Piro et al. 1999) for Fe K

-line signatures
in GRB 970508, requiring large masses and column densities of nearby gas (Bottcher 2000), also suggests
that GRBs originate in regions with active star formation.
Knowledge of the distance scale to GRBs makes it possible to determine their eects on the surrounding
environment. Some of the claimed eects of GRB explosions are the formation of HI shells and stellar arcs
(Efremov et al. 1998; Loeb and Perna 1998), the melting of dust grains by GRB UV radiation to produce
ash-heated chondrules in the early Solar system (McBreen and Hanlon 1999), and the formation of sites of
enhanced annihilation radiation in the interstellar medium (ISM) originating from large numbers of mildly
relativistic positrons produced by a GRB (Dermer and Bottcher 2000). UV and X-rays from nearby GRBs
could also have produced biologically signicant dosages on Earth in the past (Scalo and Wheeler 2000).
Another eect of GRBs, proposed prior to the Beppo-SAX discovery, is that GRB sources accelerate
the highest energy cosmic rays. Milgrom and Usov (1995) argued for this connection on the basis of a
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directional association of two > 10
20
eV air shower events with earlier BATSE GRBs. Waxman and Coppi
(1996) pointed out, however, that the intergalactic eld must disperse the arrival time of the cosmic rays
by & 50 yrs to be consistent with the detection rate of GRBs. Vietri (1995) noted that the isotropy of
the UHECR arrival direction was consistent with the isotropic distribution of GRB sources, and that the
extreme energies of UHECRs could be explained through rst-order Fermi acceleration by a relativistic







, so that only a few such cycles would suÆce to produce UHECRs starting from low-
energy particles. The eÆciency to accelerate low-energy particles to ultra-high energies through relativistic
shock acceleration has since been shown to be infeasible (Gallant and Achterberg 1999; Gallant et al. 1999).
Following the rst shock crossing, the blast wave intercepts the particle before its angular deection from
the shock normal is much larger than 1= ; thus subsequent cycles lead to energy increases by only factors
of  2. Second-order Fermi acceleration, for example, due to magnetohydrodynamic turbulence generated
by charged dust or irregularities in the external medium (Waxman 1995; Schlickeiser and Dermer 2000),
or by rst-order Fermi acceleration involving putative shocks in a relativistic wind (Waxman 1995) could,
however, accelerate UHECRs in GRB blast waves.
Both Vietri (1995) and Waxman (1995) pointed out a remarkable coincidence between the energy
density of the highest energy cosmic rays and the power of GRB sources within the Zatsepin-Kuzmin-
Greisen (ZKG) radius, outside of which UHECRs are degraded by photomeson production on the cosmic
microwave background. If GRB sources convert a comparable amount of energy into UHECRs as is detected
in the form of  rays, then these sources can account for the observed intensity of UHECRs. The comparisons
of Vietri (1995) and Waxman (1995) made use of statistical studies where the most distant GRBs detected
with BATSE were assumed to be at z  1. Redshift measurements of GRB sources now permit more rened
studies of GRB statistics, yielding the comoving space density of GRB sources and the volume-averaged
energy injection rate of GRB sources into the ISM. This coincidence can therefore be more carefully tested.
In this paper, it is assumed that the sources of UHECRs are GRBs. We then examine the implications
that follow from this assumption. As indicated above, theoretical problems with accelerating particles to
such ultra-high energies might still remain, but are not dealt with here. We simply suppose that a mechanism
exists to energize protons to Lorentz factors  & 10
10
in the comoving blast wave frame so that, given the
blast-wave boost, particles will be produced with energies that are large enough to account for the detection
of & 10
20
eV cosmic rays. In Section 2, we summarize a recent statistical study employing the external shock
model for GRBs (Bottcher and Dermer 2000) and compare it with other statistical studies of GRBs. An
external shock model is the most energetically eÆcient mechanism for generating  rays in the prompt phase
of a GRB, so this study yields a lower limit to the energy production rate of GRB sources per comoving
volume. Even so, we show that an external shock model is consistent with the UHECR/GRB hypothesis, so
that the coincidence originally identied by Vietri (1995) and Waxman (1995) still holds.
In Section 3, the evolving temporal and spectral photon distribution from synchrotron radiation in GRB
blast waves is characterized. This radiation provides a target photon source for the high-energy protons, and
we calculate neutron and neutrino production from photopion processes in GRB blast waves. Neutral particle
production spectra, integrated over the prompt and afterglow phases of a GRB, are calculated. Lower limits
to the diuse high-energy neutrino background and the distribution of neutrino event rates are calculated
in Section 4. The outowing neutrons decay to form high-energy protons and electrons. In Section 5, the
radiation halos formed through synchrotron and Thomson processes of neutron -decay electrons are derived
in the special case of a power-law distribution of neutrons that are impulsively released from a GRB source.
The diusive escape of particles from GRB blast waves is treated in Section 6. If the nonthermal particles
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can escape with only small adiabatic losses as the GRB blast waves decelerates to nonrelativistic speeds,
then they will add to the cosmic ray intensity of the Milky Way. Section 7 gives the requirements that must
be satised if cosmic rays are to originate from GRB sources and reball transients (FTs), which are dened
as collapsing stars that expel > 50% of the ejecta kinetic energy in relativistic outows. This hypothesis
is shown to resolve a number of observational issues in cosmic ray physics. In Section 8 we show that FTs
are related to the high mass range of stars that explode as Type Ib/c SNe. If a FT signals the formation
of a black holes, then the statistics of GRBs and FTs also yield the population statistics of black holes in
the Milky Way. The unidentied EGRET -ray sources could be black holes with masses & 10-30M

that
accrete from the ISM. Summary and conclusions are given in Section 9.
2. Statistics and Energetics of UHECRs and GRBs
2.1. GRB Statistics
The BATSE instrument on the Compton Gamma Ray Observatory provides a data base of peak count
rates and peak uxes for several thousand GRBs with unknown redshifts. Many attempts have been made to
derive the GRB rate density and mean luminosities by modeling this size distribution. Even constraining the
implied redshift distribution to be consistent with the z-distribution for the dozen or so GRBs with measured
redshifts, it has not been possible to derive these quantities unambiguously from the size distribution alone.
Uncertainties in determining the rate density of GRBs arise from lack of knowledge of the redshift distribution
(Totani 1997), the luminosity function (Mao and Mo 1998; Krumholz et al. 1998; Hogg and Fruchter 1999;
Schmidt 1999), and the spectral shape (Mallozzi et al. 1996) of GRBs. A useful simplication (Totani 1997;
Wijers et al. 1998; Totani 1999) is to assume that the GRB rate density is proportional to the star formation
rate (SFR) history of the universe as traced, for example, by faint galaxy data in the Hubble Deep Field
(Madau et al. 1998). An important result is that GRBs are unlikely to be standard candles, whether or
not their birth rate follows the SFR or a range of reasonable evolutionary models (Schmidt 1999; Hogg and
Fruchter 1999; Krumholz et al. 1998).
To constrain the models further, Bottcher and Dermer (2000) jointly modeled the distributions of peak
ux, duration, and peak photon energies of the F

spectra of GRBs using an analytic representation (Dermer
et al. 1999) of temporally evolving GRB spectra in the external shock model of GRBs. The assumption that







) = (0:3; 0:7) and Hubble constant H
0




, with h = 0:65, was used.
The model ux was folded through the simulated triggering response of a BATSE detector to determine
detectability. This approach requires that the total energy E
0
and the initial blast wave Lorentz factor  
0
of a GRB source be specied. The burst luminosity is then calculated through the standard blast-wave








is the density of the surrounding medium, which is assumed to be uniform.




could not explain the observed
distributions, and that broad ranges of values are required. The comoving dierential density distribution




distributions are separable from the redshift
distributions and are adequately described by single power-law distributions. The rate-density distribution
1
1
For notational purposes, a semicolon in a parenthetical string giving the arguments of a function separates dierential








; z) of GRB sources that gives a reasonable t to the size, duration, and peak photon energy
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ergs, and the Heaviside function is dened such that H[x; a; b] = 1 for
a  x  b, and H[x; a; b] = 0 otherwise. The range of  
0















1 ; for z  0:3
5  10
z 1
; for 0:3 < z  1:1
6:3 ; for 1:1 < z  2:8
210  10
 0:4(z+1)
; for 2:8 < z  10.
(2)
(Note that the z < 0:3 branch of this function was omitted in equation (12) of Bottcher and Dermer (2000).)
The burst rate and energy release rate per unit comoving volume by GRB progenitors can be easily
obtained from equation (1). In the local universe, we nd
_n
GRB






















for the burst rate density. Most of these GRBs have low energy and luminosity, and are consequently not
observed. The local emissivity is
_
GRB


























The average energy release per burst is just the ratio of equations (4) and (3), namely 8:2 10
50
ergs. This
does not correspond to the average energy release of detected GRBs, because the most energetic bursts are
much more likely to be detected. One-half of the total energy generated by burst sources comes from events
with energies > 2:3 10
53
ergs. This is a weak lower limit to the energy-average event, because the use of a
single power-law function for E
0
in equation (1) will not accurately model extremely powerful and very rare
events, such as GRB 990123.
This statistical study is seen to be consistent with other recent GRB statistical studies once one rec-
ognizes that ineÆciencies for generating radiation from the GRB event and for detecting emission in the
BATSE range have been explicitly taken into account in this approach (this point was overlooked by Stecker
(2000)). Moreover, most burst events with  
0
. 100 will not trigger a GRB detector such as BATSE, due
to the triggering criteria and design of burst detectors that have been own to date (Dermer et al. 1999).






, which is a factor 36 smaller than the value obtained here. The eÆciency for the external
shock model to produce radiation in the 10-1000 keV band is  5-15%, and  50% of the total energy is
released in the form of dirty reballs with  
0
. 100 that would not trigger BATSE. (The clean reballs with
 
0
 300 cannot be very numerous.) Another factor between 0.5 and 1 is attributed to the large number of




ergs, many of which would not trigger BATSE unless they happened to occur in
our local vicinity. Insofar as ineÆciencies for generating -ray emission in a colliding shell model are typically
1% or less (Kumar 1999; Panaitescu et al. 1999; however, see Beloborodov 2000; Fenimore and Ramirez-Ruiz
1999), and that the collision of a relativistic shell with matter at rest allows the greatest fraction of directed
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kinetic energy to be dissipated within the blast wave shell (Piran 1999), we think that equation (4) therefore
provides a conservative lower estimate for the emissivity of progenitor sources of GRBs in the local universe
2
.
To obtain the emissivity of GRB sources into the Milky Way galaxy, we proceed in two ways. The rst,










)dL, giving the number density of galaxies with luminosities in the range L to L+dL. Assuming













, where  (v) is the Gamma function. The energy dE(L)=dt
released by GRB progenitors in a galaxy with luminosities L is

=
























In the last term of equation (5), we used the results of equation (4) with 








 =  1:07, and h = 0:65 (Loveday et al. 1992). If the Milky Way is an L

galaxy, then the power of GRB








Scalo and Wheeler (2000) argue that a better approach is to weight the burst emissivity by the ratio
of the blue luminosity surface density 
L
of the Milky Way to the volume-averaged blue luminosity density
J
gal;B






























for the GRB source power in the Milky Way, which is in good agreement with the value obtained
through the rst approach. An advantage of this method is to highlight the potentially large variations in
the emissivity of GRB sources in dierent regions of a galaxy.





essentially independent of source collimation or beaming fraction. We therefore see that GRB sources and
the dirty and clean reballs, collectively referred to as FTs, supply a power to the Milky Way that is  5%
of the cosmic ray power. The relative FT/cosmic-ray power could be much larger if the contribution of clean
and dirty reballs that are invisible to GRB detectors (Dermer et al. 1999) is much larger than derived on




-distributions. This fraction would also be
larger if the eÆciency for the sources of GRBs to generate  rays is smaller than calculated in the external
shock model used by Bottcher and Dermer (2000), as in the colliding shell model (Kobayashi et al. 1997;
Daigne and Mochkovitz 1998). A self-consistent treatment of GRB statistics would however be required to
quantify the GRB rate density and emissivity for the internal shell model, but a self-consistent treatment
of GRB statistics has not and perhaps cannot be performed in a wind model, due to the large number of
unknown parameters (the number of which is unknown).
2.2. Ultrahigh Energy Cosmic Rays
The energy density of UHECRs follows from the measured intensity E
3










(Takeda et al. 1998). This expression is valid within experimental error for all cosmic rays with
2
Criticisms that an external shock model suered very poor eÆciencies in GRBs that display short timescale variabilitywere
shown to be incorrect (Dermer and Mitman 1999). Nevertheless, there will be an additional eÆciency loss of  10-50% in spiky
GRBs. A challenging study is to analyze the statistics of long and short duration classes (Kouveliotou et al. 1993) which are
further separated into those GRBs that exhibit smooth fast-rise and slow-decay proles, and those that do not.
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energy 1:2  10
19
< E(eV)< 3  10
20






point. It is accurate to within 2 of all data points at 3  10
18
< E(eV) < 3  10
20
. Above 3  10
20
eV,
small-number statistics dominate. From this expression it follows that the energy density of UHECRs at
energies 3 10
18






















If the UHECR intensity instead continues / E
 3










. The evidence for a high energy tail above E  3  10
20
eV is unclear due to the small-number
statistics.
Ultra-high energy particles lose energy by adiabatic expansion and photo-hadron and photo-pair pro-
duction on the cosmic microwave background. The mean energy loss length x
loss
(E) due to these processes
has been recently recalculated by Stanev et al. (2000). The loss length for 10
20
eV protons is about 140 Mpc,
and this length is also consistent with their calculations of horizon distance within which 50% of the protons
survive. The values of x
loss
at E & 6  10
19
eV denes the ZKG radius insofar as the energy losses are
dominated by photo-hadronic processes at these energies. The quantity x
loss
(E)=c denes a characteristic
survival time for particles with energy E. The volume-averaged rate at which astronomical sources accelerate
> 10
20


















This value is  2:5 times smaller than the emissivity given in equation (4), so that in principle there is
a suÆcient amount of energy available in the sources of GRBs to power the UHECRs (Vietri 1995; Waxman
1995). The conversion of the initial energy of a reball into UHECRs must, however, be extremely eÆcient.
If nonthermal power-law distributions of particles are accelerated in the blast wave, as expected in simple
treatments of Fermi acceleration, then hard spectra with p . 2 place a large fraction of the nonthermal energy
in the form of the highest energy particles. A large fraction of the blast-wave energy can be dissipated as
UHECRs even if p & 2 if particle acceleration is fast and particles diusively escape from the blast wave
at high energies (see Appendix). We note that possible beaming eects in GRB sources do not alter the
energetics arguments made here, as a smaller beaming fraction is oset by a larger number of sources. Neither
would beaming alter the eÆciency calculations performed below, although radiative signatures from a single
GRB would be changed. Throughout this paper, we quote energy releases for uncollimated GRB sources.
3. Photomeson and Neutral Particle Production in GRB Blast Waves
3.1. Photopion Cross Section and Production Spectra
Only the photomeson process is treated in detail in this paper; photopair and secondary production
3
losses can be shown to much less important in comparison to photomeson losses for ultra-high energy particles
in the blast-wave environment. The two dominant channels of photomeson production for proton-photon
(p+) interactions are p+ ! p+
0
and p+ ! n+
+
, which occur with roughly equal cross sections. In
3
The term \secondary production" applies in this paper to the generation of pions, mesons, and heavier baryonic resonances
through nucleon-nucleon collisions, which includes strong interactions between high-energy neutrons, protons and ions, the
remnant blast-wave baryons injected by the GRB source, and gas and dust captured from the circumburster medium. If the
swept-up particles are not accelerated, secondary production losses can dominate (Pohl and Schlickeiser 2000), but that is not
assumed to be the case here.
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. Neutrino production from photomeson interactions in GRB blast
waves has been considered earlier (Waxman and Bahcall 1997; Vietri 1998a,b; Rachen and Mesazaros 1998;
Halzen and Hooper 1999; Waxman and Bahcall 1999; Dai and Lu 2000; Bahcall and Meszaros 2000), but
usually in the context of an internal shock model. Neutron production and escape from GRBs has not, to
the author's knowledge, been previously treated in GRB blast-wave calculations.
To treat neutral particle production, we follow the approach of Stecker (1979) (see also Bottcher and
Dermer (1998)). The cross section is treated in the Æ-function approximation. Thus an interaction takes


















primes denote quantities in the comoving frame, 
0
p
is the proton Lorentz factor,  represents photon energies
in units of the electron rest mass energy, 

is the energy of the  resonance, and 
0
is the cosine of the angle
between the photon and proton directions. The dierential cross section for the photomeson production of































= 1=2 for neutrons and 
i
= 3=2 for neutrinos, noting that we are only considering the
neutrinos formed from 
+








. Each neutrino carries away about 5% of the proton's initial energy, with the 
+
-decay positron receiving








for neutrinos, with the dimensions of
the proton rest mass m
p
dening the dimensions of E
0
.






























































number density of soft photons, assumed to be isotropically distributed in the blast-wave uid frame, with


















































The production spectrum of neutral particles as measured by an observer can be approximately obtained











quantities refer to observed quantities. Redshift eects are not considered in this section. In more accurate
treatments, a full angular integration over the production spectrum should be performed, which is especially
important if the outow is collimated. In the present treatment, it is adequate to use the simpler relations




















































3.2. Blast Wave Dynamics
We consider the case of an adiabatic blast wave decelerating in a uniform surrounding medium
4
. When










(Blandford and McKee 1976; Chiang and Dermer 1999), where x is the distance of the blast wave from the


































=300. The rate at which nonthermal proton kinetic energy is

































































where the largest value of x in the second asymptote stems from the   1 restriction.
It is convenient to relate the observer's time t to x, and describe blast-wave evolution in terms of the
dimensionless time   t=t
d


































 ; for   1
(4 )
1=4

























1 ; for   1
(4 )
 3=8




















; for   1
(4 )
3=8

















The expressions on the right hand sides of equations (17) and (19) accurately bridge the early and late time
behaviors of the asymptotes.
4
This treatment is reasonably consistent with the statistical treatment of GRBs by Bottcher and Dermer (2000). There
the radiative regime that provided the best t to the GRB statistics is nearly adiabatic, with the blast wave decelerating as
  / x
 1:7
, compared to   / x
 1:5
in the fully adiabatic limit.
{ 10 {
3.3. Comoving Proton, Electron, and Photon Spectra
A power-law distribution of nonthermal protons with number index p is assumed to be accelerated in
the blast-wave. Because protons and ions are swept up with Lorentz factor   and are then subsequently































(Bottcher and Dermer 1998). The term  represents the fraction of swept-up particle kinetic energy that
is transformed into the nonthermal proton distribution and could, in principle, be as large as  0:5. Not
more than  10-20% of the total nonthermal proton energy could, however, be radiated if the treatment is
to remain consistent with the assumption of an adiabatic blast wave. The term 
0
max
, giving the maximum
proton Lorentz factor in the blast wave frame, must be & 10
10
for GRBs to account for UHECRs. Rachen and










. As noted earlier, in order that a large fraction of swept-up energy be transformed to
UHECRs, it is also helps but is not required that p . 2. Particle spectra from gyroresonant acceleration can
produce nonthermal spectra with p & 1, though the exact value depends on the spectrum of the turbulence
(Schlickeiser and Dermer 2000). First-order Fermi acceleration giving p . 2:2-2.5 can satisfy this requirement,
though diÆculties in relativistic shock acceleration must then be considered, as noted in the Introduction.
A nonthermal electron spectrum is also assumed to be accelerated in the blast wave with the same index
p as the nonthermal protons. Following Sari et al. (1998) (see also Dermer et al. (2000a)), we represent the













































n=3 is the total number of swept-up nonthermal electrons and 
e
is the electron Lorentz








, and the steady-state electron spectral index s = p,



































are parameters describing the swept-up kinetic energy transferred to the electrons and the magnetic



























(Chiang and Dermer 1999) and take e
max
= 1 in this paper.
We consider only nonthermal synchrotron emission here. Synchrotron self-absorption and synchrotron
self-Compton (SSC) processes are treated by Dermer et al. (2000a), including a comparison of the analytic
results to detailed numerical simulations. Given the parameters used here, the neglect of synchrotron self-
absorption is not important for photomeson production, but the inclusion of Compton processes could,




















































= B=4:413  10
13
G. The magnetic eld is assumed to be randomly oriented. This formula is
accurate to better than a factor-of-2 except near the endpoints of the distribution (see Fig. 2 in Dermer et





















































































































































] ; for 
n;2

































] ; for 
n;1






















































) term dominates each of the branches of equation (26). A good approxi-
































































(E) of neutral particles formed through photomeson production is therefore
given by equation (10), but with I(y) replaced by either I() or I
ap
() given by equations (26) or (27),
respectively.
3.4. Energy-Loss Timescales for High Energy Protons
Energy-loss timescales are derived in the comoving frame for protons that would have energies E as
measured in the observer frame. These timescales are compared with the comoving time t
0
passing since
the initial explosion event; clearly if the energy-loss timescale is large compared with the available comoving
time, then only a small fraction of the particle energy can be extracted through that process. From the
relation dx =  cdt
0
































































(compare equation (8)). Here we consider both the p ! 
+
n and p ! 
0
p chains, because both will































































) production is small compared to the photomeson
energy-loss rate at very high energies because of the greater energy loss per scattering event in photomeson






it is not important for the highest energy protons and is not treated here.































The importance of this process for producing high-energy  rays has been considered by Vietri (1997) and
Bottcher and Dermer (1998) for GRBs and by Aharonian (2000) for blazars. The inverse timescale for





















) is the comoving particle number































Fig. 1 shows results of calculations of the ratio of the comoving time to timescales for photomeson
production (open circles), proton synchrotron radiation (lled circles), and secondary production (straight
lines). The timescales are calculated at dierent observer times as a function of observed proton energy E,
up to the maximum proton energy dened by the Bohm diusion limit given in Appendix A.2. The chosen
parameters in Figs. 1a and 1b are typical of those used to t GRBs in the prompt and afterglow phase,
respectively, and are listed in Table 1. In both cases, we use a total energy release E
0
= 2  10
53
ergs,
which is the near the mean value of the energy release distribution (see Section 2.1). The value p = 2:2 is
similar to that deduced in ts to afterglow GRB spectra of GRB 990510 (Harrison et al. 1999) and GRB
970508 (Wijers and Galama 1999); a value of p much steeper than  2:2 will make the energetics of UHECR
production problematic and is, in any case, not supported by the data.
Other than E
0
and p, Fig. 1a employs the parameter set in Fig. 1 of Dermer et al. (2000b) which was
shown to give good ts to burst spectra during the -ray luminous phase of GRBs (Chiang and Dermer

















= 0:5. Even with such a large value of e
e
, the blast
wave evolves in the adiabatic limit because the electrons are in the weakly cooling regime. We also take
 = 0:5 and f

= 1. The dotted lines show evaluations of the photopion timescales using the approximate
expression for I
ap
() in equation (27). Fig. 1b uses parameters that are typical of those used to model the
afterglow spectra of GRBs (Harrison et al. 1999; Wijers and Galama 1999), and are the same as Fig. 1a
except that e
B
= 0:1 and e
e
= 0:1. The latter choice ensures that the GRB blast-wave evolution is nearly
(though not quite; see (Bottcher and Dermer 2000a)) adiabatic, given that the electrons are strongly cooled
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during the prompt phase and much of the afterglow phase for this larger value of e
B
. The major dierence
between the ts derived to GRB spectra during the prompt and afterglow phases is thus the stronger value
of eld at later times. Other arguments that the magnetic eld evolves to its equipartition value following
the prompt phase are given by Dermer et al. (2000b).
As can be seen from Fig. 1, the relative timescales for photomeson production in the external shock
model usually dominates the other processes, and approaches or exceeds unity for the highest energy protons
during the afterglow phase. Thus a large fraction of the energy contained in the highest energy protons is
converted into an internal electromagnetic cascade and lost as photomeson neutral secondaries. The largest
proton energies are constrained by the processes described in the Appendix, but still easily exceed 10
20
eV, in accord with the UHECR/GRB hypothesis. Protons with observed energies & 10
18
eV therefore
lose a signicant fraction of their kinetic energy through photomeson production which is transformed into
neutrons, neutrinos, and high energy leptons. The leptons generate high energy gamma rays during an
electromagnetic cascade in the blast wave (Bottcher and Dermer 1998). When 
B
& 0:1, proton synchrotron
losses can dominate photomeson losses during certain phases of the evolution. The relative importance of
secondary production is generally quite small except for lower energy (E . 10
16
eV) protons during the
prompt phase, where it will compete with photopair losses.
When the relative timescales exceed unity, a large fraction of the proton energy is radiated away during
the comoving time t
0
, and the proton distribution will strongly evolve through radiative cooling. When this
occurs, a thick-target calculation is required to calculate total neutrino and neutron emissivity. This regime
begins to be encountered here, but a complete treatment of photopion production will require a transport
or continuity equation approach that is beyond the scope of this paper as described, for example, in the
Appendix. We also note that the ratio of t
0
to the timescale for high energy protons to lose energy by
photomeson production is actually shorter when the injection index p becomes larger, because the energy
density of the soft photons is then concentrated into a narrower bandwidth and is therefore more intense.
Nevertheless, much less energy of the total GRB energy is radiated through photomeson production when
p 2, because the total GRB energy carried by the highest energy protons is much smaller.
3.5. Instantaneous and Time-Integrated Production Spectra
It is simple to derive the characteristic spectral behavior of neutrons or neutrinos produced in the
external shock model. Using equations (27) and (10) in equation (20), we nd that the instantaneous
production spectra, multiplied by E
2


















































Equation (34) gives power spectral indices that are two units larger than photon indices. It is also assumed in






, but it is simple to generalize the results when this is not






when p  2. Irrespective of whether we are in the fast cooling (s = 2) or slow cooling (s = p) regime, the






























































eV ; for protons
10
16
eV ; for neutrinos .
(35)
In this expression, the break energy 
br
is the photon energy separating the 
 2=3
portion of the synchrotron
emissivity spectrum produced by an electron distribution with a low-energy cuto from the higher-energy
portion of the synchrotron spectrum. As is well known, this often occurs at energies  50 keV - several MeV
during the prompt phase of GRBs (Cohen et al. 1997). Equation (35) follows, of course, from elementary
considerations.
Figs. 2a and 2b show instantaneous production spectra at dierent observing times for neutrons and
neutrinos, respectively. Fig. 2a employs the parameter set (A) for the prompt phase of GRBs and Fig. 2b






is seen at early times in the instantaneous spectra of Fig. 2a, above which
_
N (E) / E
 2:53
.
The transition to the E
 p 1=3
portion of the spectrum is not seen after  10
4
s nor in the Fig. 2b spectra.
This is because 
br
reaches such low energies that E
pk
would occur above the maximum energy dened
by equation (A6). The maximum energies of the neutrons reach or exceed  10
21
eV, but the maximum
neutrino energies only reach . 10
20
eV due to the smaller amount of energy transferred to each neutrino
in the photomeson production process (compare cross section (7)). The production spectrum breaks from
_
N (E) / E
 0:9
at low energies to
_
N (E) / E
 1:6
at intermediate energies in Fig. 2a, because the electrons
are then in the uncooled regime. In contrast, the spectrum above the break in Fig. 2b is slightly softer, with
_
N (E) / E
 1:7
, because the electrons are in the strongly cooled regime.
We also show the time-integrated production spectra of both the neutrons and neutrinos for parameter
sets (A) and (B) in Figs. 2a and 2b, respectively. Here we integrate the instantaneous production spectra over





, where it has decelerated to mildly relativistic speeds. The
time-integrated spectra retains its N (E) /  p=2 behavior at 10
12
. E(eV)  10
17
eV. For the parameter





behavior above the value of
E
pk
evaluated at t = t
d
, and then cuts o at a maximum energy determined by equation (A6) at  = 1. For




up to about the maximum energy dened by 
L;max
.
The time-integrated spectra in Fig. 2 implies both the total energy release and the energies of the




eV carry  10
51
ergs of energy for the chosen parameters. Neutrinos carry  3=20 as much total
energy as the neutrons in an energy range that is  20 times smaller than that of the neutrons. The ratio of
the energy carried by either neutrons or neutrinos to the total explosion energy E
0
, here called the production
eÆciency, is therefore  1% for neutrons and  0:1% for neutrinos. Fig. 3 shows calculations for the neutron
and neutrino production eÆciencies as a function of E
54
. The neutron production eÆciency increases with
increasing E
0
and reaches a few per cent when E
54
= 1. Parameter set (A) gives better eÆciency at large
values of E
0
than set (B), but poorer eÆciencies when E
54
. 0:2. The production eÆciency is only weakly
dependent upon  
0
, but depends strongly upon p, as alluded to earlier and shown in the inset. The maximum
eÆciency occurs when p  2:1. According to the statistical treatment of the external shock model described





nd that & 1% and & 0.2% of this energy is converted into high-energy neutrons and neutrinos, respectively,
if the UHECR/GRB hypothesis is correct. This will have the observable consequences described in Sections
4 and 5.
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3.6. Temporal Behavior of Production Spectra
The temporal indices of the particles formed through photomeson production can be obtained by exam-
ining equations (10), equation (20) and (27), noting the temporal dependences of the various terms. Writing











































. The coeÆcient K has been extracted from the I
ap
() term, and varies
according to K( ) / x (equation (25)), so that it has the time dependence given by equation (17). The time
dependences of   and E
0
ke
are given by equations (18) and (19), respectively. It then becomes necessary to









and therefore of the 
i
that enter into equation (27),
noting that 
H
/ B /  .
The temporal behavior of the neutron and neutrino production time proles, or \light curves," depends
on whether the electrons are in the slow or fast cooling regimes (Sari et al. 1998). Because of the progressive
weakening of the magnetic eld in the standard blast-wave model, the fast cooling regime will exist only
if the cooling electron Lorentz factor 
c
is less than the minimum electron injection Lorentz factor 
m
at




following equation (21), we therefore nd that the nonthermal


























using equation (16) for t
d
. When equation (37) does not hold, the system is always in the slow cooling
regime. For example, if we vary only  
0
in parameter set (A), there will be some evolution in the fast cooling
regime when  
0
& 70. There will be evolution in the fast cooling regime for essentially all values of  
0
 1




separating the dierent cooling regimes is







Fig. 4 is a sketch of the temporal indices of particles produced with dierent energies as a function of
dimensionless time  . First consider the outside boundaries of the temporal-index plane. Particles will only
be produced if E=m
i
&  . This denes the lower region bordered by the short dashed lines. Due to threshold
eects, another limit to low-energy particle production arises from photomeson threshold eects due to the





















) because of this cuto. For the Bohm diusion limit given by equation








as sketched by the dashed-triple-dotted lines.
The Bohm diusion limit for protons denes the upper boundary for the highest energy particles that are
produced. It is /  
1=2
, and is shown by the dot-dashed lines. Dierent Fermi acceleration models could give
dierent maximum particle energies, but all would likely be bounded from above by this limit due to the
competition between synchrotron loss and acceleration rates.









that bound the period when the blast wave is
in this regime. The blast wave is in the slow cooling regime when either equation (37) fails to hold or, if not,
when  < 
<
and  > 
>







































when 1 .  .  
8=3
0





are indicated by the thick lines and the double lines, respectively, in Fig. 4.
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It is straightforward though tedious to derive the temporal indices  displayed in Fig. 4 using the above
relations and equation (27) in equation (36). The important point to notice is how hard the values of  are
in the afterglow phase. The highest energy particles with 
n;0
<  <  
0
max
are due to interactions with the

 2=3
part of the soft photon spectrum. In the uncooled regime,    0:25 when p  2, so that the bulk of
the energy is radiated at late times. Because of the rapid decay of 
br
with time, however, this phase does







 0:875, respectively, in the afterglow phase when p  2. Thus the bulk of the energy
is still radiated at late times. Although this temporal behavior will be diÆcult to detect from neutrinos
and neutrons from GRBs, they are relevant to the high-energy gamma-ray spectrum observed from GRBs.
Charged pions will decay into leptons, which will scatter soft photons to high energies to generate a cascade,
and neutral pions from p +  ! p + 
0
will decay to form  rays that can pair produce until the photons
are at suÆciently low energies to escape. As noted by Bottcher and Dermer (1998), the temporal decay of
the high-energy emission from hadrons is much slower than the synchrotron decay. Thus high-quality GeV
observations of GRBs could reveal the presence of a high-energy hadronic component, though it must be
carefully distinguished from the SSC component, for example, by its spectral characteristics. The Gamma
ray Large Area Space Telescope (GLAST) mission
5
will be well-suited to measure the -ray afterglow of
GRBs and thus test for an energetic hadronic component in GRB blast waves.













N (E) spectra by observing time t in order to reveal the time during which the bulk of the energy is
radiated. For these parameters, roughly equal energy is radiated per decade of time, except at the very
highest energies during early times. From the analytic results for the temporal index in the afterglow phase,






 1:1 at intermediate energies, in agreement with the calculations. The
lower energy regime with 

=
 0:975 is not encountered here. The abrupt cutos at early and late times
are due to the denite ranges of particle energies implied by the analysis.
4. Neutrinos from GRBs
The detailed calculations provide a lower limit to the neutrino uxes if the UHECR/GRB hypothesis
is correct. Even within the context of the external shock model, other eects could enhance the neutrino
emissivity. For example, reverse shock emission provides additional soft photons that would enhance pho-
tomeson production (Waxman and Bahcall 1999). Larger neutrino uxes could also be obtained if we relax
the assumption that the surrounding medium is uniform, which is probably the case in many GRBs, in
view of the short timescale variability observed in their -ray emission (Dermer and Mitman 1999). More
important, perhaps, is the uncertainty in determining the rate density of dirty and clean reballs. This issue
will be revisited in Section 6.
Before displaying calculations, it is useful to make an estimate of the neutrino background expected























yr. The term 

represents the production eÆciency which, as we have seen, is  0:1%. For p  2, the
principal behavior of the time-integrated GRB neutrino spectrum varies / E
 1













































is comparable to other estimates of cosmological neutrinos above  10
16
eV (Gaisser et al. 1995;
Yoshida and Teshima 1993; see also Stecker et al. 1991). Detection of neutrinos fromGRBs will unfortunately
be diÆcult in the foreseeable future at these uxes.
4.1. Diuse Neutrino Background













the energy of the emitted neutrino. The luminosity distance d
L








) holds, where dt
em
is the dierential element of time in the emitter frame. Because




















































) (Totani 1999). The diuse ux of neutrinos produced by




















































Calculations of the diuse neutrino background, using equation (1) with standard parameter sets (A)






) = (0:3; 0:7) and










. The solid curve is



















eV. Thus the estimate of the diuse neutrino background
(39) is in accord with these results. Parameter set (A) produces a more luminous neutrino ux at lower
energies because there are greater number of high energy soft photons, due to the smaller magnetic eld
used in this parameter set. It is not clear in this representation, but there is approximately equal energy

























The -ray production eÆciency 

could reach 10%, but this emission still falls well below the observed diuse extragalactic






between  100 MeV and  100 GeV (Sreekumar et al.
1998).
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4.2. GRB Neutrino Event Rate
The number of neutrino events that would be detected per year by a muon detector with an eective
area of A(km
2
































) is the probability that a neutrino with energy E

, on a trajetory passing
through a detector, produces a muon above threshold. From the work of Gaisser and Grillo (1987) and
Lipari and Stanev (1991) as summarized in Gaisser et al. (1995), we use the following approximation to













































(see also Dai and Lu (2000)).





























Here, in contrast to equation (41), it is necessary to evaluate d
L




















































































This calculation is displayed in Fig. 7. Neutrino detectors at energies  10
12
eV are more sensitive
to neutrino number ux rather than energy ux, so these neutrino spectra do not regrettably yield large
numbers of neutrino events per year. Very weak neutrino uxes are predicted in the external shock model
of GRBs, and the best guess for the number of neutrino events that are expected to be detected in a km
2
detector from a GRB within the next year is none. Detection by km
2
detectors of multiple neutrino events
from GRBs would probably eliminate the external shock model for GRBs. Obversely, the lack of detection
of neutrino events from GRBs is fully consistent with the underlying assumptions of this study.
5. Radiation Halos from Neutrons Produced by GRBs


















kpc before their numbers are depleted by -decay. Figs. 2a and 2b show that for strong




eV, or 0:1 . 
10
. 10.
Thus a halo of neutron-decay electrons, protons, and neutrinos will be formed around the site of a GRB that
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yrs. If the -decay electrons radiate on a timescale that is much shorter than the neutron-decay timescale,































0:1 is a temporal correction factor. This assumes a neutron-production eÆciency of 1%, as









larger than that given by equation (47), but will only be detected if the protons can radiate
this energy or deposit it in a galaxy halo to be radiated through other processes. Given the infrequency
of powerful GRB events, it is unlikely that the nonthermal halo from neutron-decay electrons surrounding
a galaxy will consist of the superposition from several GRBs at the frequency of greatest luminosity, but
will instead be formed by a single event { assuming that GRBs are unbeamed. In Section 5.1 we derive
the radiation halo from such a single powerful GRB \neutron bomb," leaving for future work the equally
interesting \neutron beam." Section 5.2 outlines energy deposition into the halo from neutron-decay protons.
We also note that this process will make a very weak, long-lived afterglow of very energetic neutron-decay
neutrinos. Section 5.3 describes multiwavelength prospects for detecting these halos.
5.1. Radiation Halo from Neutron -Decay Electrons






































is the dierential number
of neutrons produced at time t








electron and antineutrino each receive on average  0.6 MeV from the decay (the neutron-proton mass
dierence is  1:3 MeV). It is suÆciently accurate for the purposes here to let the proton and -decay
electron each receive the same Lorentz factor as the neutron originally had. Thus the dierential emissivity














(see also Giovanoni and Kazanas (1990); Contopoulos and Kazanas (1995)).




which decay on timescales  10
7
s, then the GRB
explosion and afterglow can be approximated as a Æ-function in time. If we also approximate the neutron


























is the maximum neutron
Lorentz factor. Normalizing this spectrum to the total energy E
n


















Because q ' 1, it is irrelevant whether the minimum value of 
n
is 1, as used here, or 10
4
. Without loss of






















  x=c) : (52)
We now consider the radiation signature of the neutron-decay electrons. Subsequent transport of the
electrons can be neglected if an on-the-spot approximation is valid, which holds if the electron Larmor radius
is much less than 
n










rotation measures of galaxy clusters and inferences from synchrotron radio halos indicate that cluster elds
are  G (see, e.g., the review by Eilek (1999)). It seems likely that galaxy halos would also be this strong.






= _n(; t) ; (53)
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Synchrotron radiation and Compton scattering of the cosmic microwave background radiation will dominate
the energy losses of the electrons, although a more detailed treatment must treat Klein-Nishina eects which












= 2:7 K. These loss rates can




(see discussion following equation (23)). Substituting equation (52) into equation








































































for synchrotron emission, and  = 
i
for Thomson scattering, where 
i
is the






























) is the spectral density of the soft photon eld. These equations are valid when
  1. The restriction to the classical synchrotron regime always holds in this system, but the restriction
to the Thomson regime may not apply, as already noted.





at location x and time t

. The spectrum observed at time t requires an integration over volume. Because
the neutrons are owing out at speeds very close to the speed of light, the expression t = t

+ x(1   )=c
accurately relates the explosion frame time and the observer time. Taking this relationship into account
{ 21 {












































































) where  is the observing frequency.
Fig. 7 shows calculations of the synchrotron and Thomson spectra emitted by neutron -decay electrons
using equation (58). Here it assumed that 10
52









in Fig. 7b. In both calculations, we
use a magnetic eld B = 1 G and approximate the cosmic microwave background radiation as a Æ-function
soft photon source with dimensionless photon energy  = 4:6  10
 10





. Note that although the synchrotron and Thomson spectra are plotted in the same graph, they are
independently calculated.








in Fig. 7b. The discrepancy
with equation (47) implies that F ' 0:1. This value is understood when one considers temporal smearing
due to the nite energy-loss timescale, light travel-time eects and, most importantly, the contribution of




) radiation. The bandwidth correction factor should also be considered. For a 1








is comparable to the 10
12
s neutron decay timescale. The temporal smearing due to light travel-time eects arising from emission
produced on the far side of the explosion produces the high-energy features in the spectra observed at late
times, particularly in Fig. 2b. In synchrotron and Thomson processes, the integrated luminosity decays
/ t
 1
at late times when most of the energy is injected in the form of high-energy electrons, as is the case
here. Thus there is comparable energy radiated per decade of time at late times. A value of F  0:1 in
equation (47) is therefore reasonable.
A notable feature in Fig. 7 is the appearance of sharp emission peaks at late times. These are the
pileups that appear when electrons are injected with number indices harder than 2 and lose energy through
synchrotron and Compton processes (Pinkau 1980). The synchrotron pileup features might be considerably
broadened by magnetic-eld gradients in the halos of galaxies. The situation regarding the pileup features
in the Thomson peaks at ultra-high -ray energies is more complicated and will require further study.
Besides the Klein-Nishina eects that are not considered here and are crucially important in Fig. 2b,  rays
with energies & 100 TeV  10
28




pairs through - interactions with the
cosmic microwave background radiation to form a pair halo surrounding the galaxy (Aharonian et al. 1994).
Photons with energies & 10 TeV will not be observed due to pair-production attenuation on the diuse
infrared radiation eld. The energy processed by this electromagnetic cascade will be transferred, in most
cases, from the Thomson to the synchrotron components (consider, however, Kirk and Mastichiadis (1992)).
Given detailed modeling and sensitive observations, the relative powers in the X-ray/soft -ray synchrotron
component and the high-energy -component could, in principle, be used to infer the halo magnetic eld.
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5.2. Radiation Halo from Neutron-Decay Protons
The neutron-decay protons carry three orders of magnitude more energy than the neutron-decay elec-
















even in the optimistic case of an extended (& 100 kpc) galaxy plasma halo with a mean magnetic eld
of  1 G. Such neutrons, together with the ultra-high energy protons and ions that diusively escape











(G) s, so that a 10
19
eV proton might random walk for  10
14
s before diusively




















Even though secondary production is very ineÆcient, it could however compete with the energy deposition










, and B & 1 G. Although the distinctive
signature of secondary production is the 
0
! 2 decay bump at  70 MeV, it would be severely broadened
due to the large Lorentz factors involved and would probably either not be detectable, or would form a low
plateau to the diuse galactic and intergalactic  radiation elds.
Streaming instabilities excited by the outowing neutron-decay protons could convert a large fraction of
the available energy into long wavelength magnetohydrodynamic turbulence. Both Alfvenic and lower hybrid
turbulence could be generated at small wavenumbers in this way. Subsequent cascades of the turbulence
energy to longer wavelengths through wave-wave interactions would accelerate electrons through gyroresonant
interactions. Such processes have been invoked to explain the formation of diuse radio halos in rich clusters
(for a recent review, see articles in the collection edited by Bohringer et al. (1999)). Neutrons formed in
GRB explosions could also transport energy to cluster halos to produce electron energization and particle






thermal X-rays in clusters of galaxies. Searches for neutron-decay halos from eld galaxies would
apparently be more denitive than searching for such halos around galaxies within or near the peripheries
of a galaxy cluster.
5.3. Prospects for Detecting GRB Neutron-Decay Radiation Halos
Three neutron-decay radiation halos are distinguished. In the Type- halo, the power of the halo
radiation eld comes from -decay electrons. The previous section outlined in suÆcient detail the principal
radiative properties of a  halo. The most important uncertainty, besides the ever-present question of
GRB source collimation, is the ratio of the magnetic-eld energy density in the halo to that in the cosmic
background radiation. The -decay electrons in a synchrotron  halo place most of the radiated power in the
synchrotron component. In contrast, microwave or ambient photons are Compton-scattered to ultra-high
-ray energies to precipitate a pair shower in a Compton  halo.
In the Type-p (for proton) halo, the power of the halo radiation eld comes from -decay protons. A
p-halo can be much brighter than a  halo, because it has a factor  2000 more energy available, but
the extraction and subsequent reradiation of this energy is far less easily quantied than for the  halo.
Depending on the radiation transfer and environmental eects there are, as for the  halos, synchrotron
p-halos and Compton p-halos.
The third type of halo is the Type- (for neutrino) halo. The instantaneous neutrino energy spectra
received at dierent times after the GRB can be obtained by following Section 5.1 mutatis mutandis. The
{ 23 {
detection of a  halo is not technically feasible at present.
5.3.1. Statistics Redux
Our starting point was the dierential source rate density, equation (1). There we noted that in the




-dependences of the dierential rate density, one-half of the
energy generated by the sources of GRBs comes from cosmic sources with apparent isotropic energy releases
> 2:4 10
53
ergs. Fig. 3 shows that the neutron production eÆciency monotonically increases with energy;




ergs. These very energetic GRBs
are, of course, much less frequent. Our study of GRB statistics (Bottcher and Dermer 2000) shows that in









. Thus on average there are 0.43 GRB-type explosions per Gpc
3
per year with energy & 2 10
53
ergs.













, so that the density of L








(compare Section 2.1). If all the mass of galaxies
were wrapped up in L

galaxies, then each galaxy would see on average a GRB-type explosion with energy
& 2 10
53
ergs every  5 Myrs. Let t

represent the characteristic FWHM duration when the emission at






 5 Myr, then the
fraction of L

galaxies displaying emission at this level is  t

=5 Myrs. If, on the other hand, t

 5 Myrs,
then the galaxy will exhibit a superposition of the emissions from many GRB neutron-decay halos, with the





5.3.2.  Halos and p-Halos: Essential Features
The essential features of a  halo produced by a single uncollimated GRB are given by the peak photon
frequency 
pk
, the duration t
dur
of peak luminosity L
pk
, and radial extent r
h






















yrs. Setting F ' 0:1














A Compton -halo will be formed if the mean halo magnetic eld hBi  3(1+z)
2
G. In this case, cosmic









of these photons will materialize into electron-positron pairs through interactions with the cosmic diuse
background radiation eld (Gould and Schreder 1967) to initiate an electromagnetic cascade that channels
the radiant power into lower energy  rays and into a radially extended synchrotron component. The cascade
ends when the photons penetrate the optical depth of the universe to  attenuation. This quantity is not




0:5  1 for  TeV photons from sources
at z = 0:075 due to absorption by the diuse intergalactic infrared radiation eld.
The p-halo will be brightest if the neutron-decay protons transfer and radiate their energy on a timescale




. Given the model-dependent uncertainty of the emergent photon
spectrum from a p-halo, we approximate it with a L









power radiated from the p-halo formed by a single strong GRB is, in this crude
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 (Hz) < 10
26
; (60)
where we use F = 0:1 (compare eq.[47]). If the radiation is emitted in a narrow bandwidth, the p-halo could
be 2-3 orders of magnitude brighter. Thus there is emission in all observable wavebands at the level given









kpc, but the cascade radiation from the pair halo can occupy a much larger volume.
5.3.3. Halo Detection: Observational Issues
GRBs were rst detected with soft -ray instruments, for reasons explained by Dermer et al. (1999).
To survey prospects for detecting neutron-decay halos, we begin at soft -ray energies and move to lower
frequencies, returning only at the end to the high-energy -ray domain.
Soft -ray and X-ray Detection
















for a two-week observation. Even
with many orders of magnitudes improvement in sensitivity as provided by pointed instruments or position-
sensitive technology, the detection of a neutron-decay halo is not easy with available X-ray detectors, much
less -ray detectors. We estimate the limiting detection distance d
lim









over its nominal point-source observing time and bandpass. The peak luminosity


















 1. Within a few Mpc, the Milky Way and M31 are the closest L

-type galaxies. The rough odds
are that a detectable halo could be observed from  8
10
% of nearby L

galaxies, leaving only the two L

galaxy candidates if d
lim






. Even for galaxies at  10 Mpc, the challenge of background subtraction to reveal a cleaned
X-ray image is severe, but would be assisted with model templates. It is worth recalling that beaming can
increase the chance odds of sighting a galaxy that harbors a neutron-decay halo, but the halo itself would
be at a proportionately smaller ux.
Optical Detection
In the spherical region that surrounds us to a depth of 100 Mpc, or within z

=
0:022 for h = 0:65, there are,






Mpc, the half-angular extent of a neutron




) arc minutes. At a sampling distance between  10 and 100 Mpc, there are therefore
7
Unfortunately, the fact that the neutron-decay halos are spread over a region greatly exceeding the extent of the galaxy
makes them more diÆcult to detect, because they they will be harder to resolve from the diuse background. The strength of
instruments such as Chandra is that it focuses all photons from a point source onto one or a few pixels, so that the back-ground
is greatly reduced (M. Bottcher, private communication, 2000).
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abundant candidates with galaxy disk sizes of  (2-20)
10
arc seconds and a halo angular extent appropriate
for an optical CCD. In the following, we sketch some basic considerations that enter optical halo detection
8
.











if the parameters in the model are most optimistically tuned in favor of detecting
a synchrotron p-halo. Compared to the typical L









, the halo luminosity provides a very weak ux. On the other hand, the emission is spread over
a region that is far outside the optical radius of the galaxy.
 The relative brightnesses of the central source and halo is  6-9 orders of magnitude, or  15-22
magnitudes. If the limiting magnitude is m
V
= 25 for a good ground-based telescope, then a halo
could only be seen for galaxies with m
V
< 10. Noting that m
V
 5 for M31 implies that the limiting
distance to detect a neutron-decay halo is  10 Mpc for 2-3 meter class ground-based telescopes. In
this case, the advantage of a halo that lls the CCD is lost, and the sensitivity of most large-aperture
telescopes may not be good enough to detect the halo above background sources, the sky brightness
and detector noise.




30. We could then
potentially see neutron-decay halos to d
lim
 100 Mpc. Even at 100 Mpc, the halo subtends much of
the CCD and the central bright source emission would have to be subtracted. For comparison, when
subtracting central source ux from galaxy-disk ux in HST images, the contrast between the optical




(this estimate is made by
comparing optical luminosities of typical galaxies and QSOs
9
, though the ratio could be even larger
in studies where blazar (BL Lacs and at-spectrum quasars) light is subtracted from the host galaxy.)
This still does not compare with the extreme contrast between the surface brightnesses of the optical
disk of a galaxy and the surrounding diuse halo. It seems that a blocking crystal for ground and
space-based optical telescopes could be developed to eliminate the intense ux of the much brighter
galaxy disks. The instruments on the Solar and Heliospheric Observatory probably achieve the greatest









implies > 30 orders of magnitude blockage of the Sun), but the detection of halos around distant
galaxies will clearly pose dierent problems.
 Optical central-source luminosity is suppressed in certain classes of galaxies, most remarkably, those
that are likely to harbor active star formation. Here we are thinking of edge-on starbursts (M82 or
NGC 253-types) and dusty spirals, tidally-disturbed systems (e.g. Mrk 421 and its satellite galaxies
(Gorham et al. 2000)), and infrared luminous mergers such as Arp 220, Mrk 273, and other non-quasar
members in Arp's atlas of peculiar galaxies. The search for neutron-decay halos also introduces a
new avenue to examine the relative power of ULIGs (ultra-luminous IR galaxies) in stellar formation
and black hole activity. The Infrared Space Observatory results on PHA/infrared line tracers of the
starburst and AGN activity (Lutz et al. 1996) showed a separation of dierent galaxy types in a way
that can be tested, because the strength of the neutron-decay halo is proportional to star-formation
activity. The magnitude of either a  halo or a p-halo is, in this picture, directly proportional to the
8
The following items, and much of this subsection, emerged in conversation with R. Berrington.
9
QSO here designates a (suitably dened) radio-quiet AGN whose central source power is greater than its stellar optical






(Sanders et al. 1989).
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rate at which high-mass stars are formed, and is a basic assumption of the GRB statistics treatment
of Bottcher and Dermer (2000).
 AGNs and quasars introduce greater background subtraction problems, and pose the added diÆculty
of an interfering zodiacal light from high-latitude dust or gas that scatters the optical emission from
the galaxy's AGN and stellar radiation elds. The existence of rather dense high latitude ( 10-100
kpc) dust seems quite likely in an AGN environment due, for example, to tidal activity, disk winds,
AGN radiation pressure on surrounding gas, and gravitational eects from distorted dark-matter halos
and galaxy bars. Diuse scattering plasma might also, unfortunately, be found in ULIGs for the same
reasons.
Technical considerations for detecting neutron-decay halos with optical telescopes will require an exam-
ination beyond the scope of this paper. The central insight is that even though point-source (\light-bucket")
uxes dim with source distance according to  / d
 2
in the Newtonian limit, the surface brightness of an
optically thin source is constant (again, in the Newtonian limit). This eect has fundamental implications
for observations against a source-confused and sky-limited background.
Radio Detection











with excellent angular resolution. Improved resolution (VLBI) must trade o with better limiting sensitivity











Mpc. Two eects determine the
actual radio luminosity of a  halo. The rst, as seen in Fig. 8, is that the radio luminosity is  10
8
times dimmer than the peak nonthermal synchrotron power from a synchrotron  halo for our standard
halo with a randomly oriented  1 G mean magnetic eld. This reduction is partially oset by the fact





 260 than the burst timescale (see Fig. 8) in the case of a 1 G halo. The net result
is to reduce the sampling distance so that detecting the radio emission from a halo turns out again to be
diÆcult. In the event of a very weak (hBi  0:1 G) halo magnetic eld, a laundering of the Compton
power into the synchrotron component could however improve radio detectability by moving 
pk
to lower
frequencies (see Section 5.3.2). To take advantage of the good radio resolution (the size of the radio halo
for sources at z  1 (cz=H
0















Jy elds spread over a surface area of this extent. This
is not feasible. The tradeo between angular extent and sensitivity will be won if radio techniques can yield
cleaned images that are  O(
Æ
) in extent. Wherever the radio range proves to have the greatest capability
(probably for galaxies at a few tens of Mpc), structure in the neutron-decay radio halo should be carefully
sought. The advantage here is that to test the UHECR/GRB hypothesis, every L

galaxy should have a
diuse neutron-decay radio halo. The ne structure in the geometry of the halo holds the key to the crucial
question of GRB source collimation.
The very low-frequency (. 100 MHz) emission from neutron-decay halos persists around all L

galaxies,
and forms part of the diuse low-frequency radio background. Whether detection of such halos is technically
feasible with new-generation radio arrays (e.g., the planned low-frequency array LOFAR) will require more
study.
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High Energy -ray Detection
Returning now to the ultra-high energy gamma-ray regime, neither GLAST nor the ground-based air and
water Cherenkov telescopes operating or in development (e.g., Whipple, Milagro, HESS, VERITAS) can
be expected to detect a Compton  halo. Only under the most optimistic conditions of a highly luminous




is detection feasible. GLAST is  50 times more sensitive than EGRET,






, as does Whipple. This gives a sampling




kpc. With the seven-fold increase in limiting distance for GLAST, and with the
improvement that will be achieved with the VERITAS array, there remains a chance of detecting highly
luminous Compton p-halos from nearby galaxies.
In summary, the search for direct synchrotron, and both direct and cascade  radiation from neutron-
decay halos is at limits that challenge but do not defeat current radio, optical, X-ray, and -ray detector
technology.
6. Cosmic Ray Production by GRBs
The point of departure for this paper was the hypothesis that UHECRs are accelerated by GRBs.
The external shock model grounded the phenomenology of -ray emission from GRBs into a quantitative
statistical estimate of the rate density and emissivity of the cosmic sources that produce GRBs and their
sister classes, the clean and dirty reballs (Dermer et al. 1999; Bottcher and Dermer 2000). We now return
full circle to talk about directly observable particles from the sources of FTs, which includes as a subclass
the stellar progenitors of GRBs.
6.1. Radiative Discharges
The GRB/UHECR hypothesis forced us to assume that a large fraction of the energy dissipated in the
external sweep-up process is transformed into nonthermal high-energy protons and ions. To the extent that
the transformation is not eÆcient, that is,  . 0:1 in equation (20), then GRBs are not suÆciently energetic
to power UHECRs and the basic hypothesis ounders. To avoid having to invent other source classes, or to
enhance without good reason the population of unobservable dirty or clean reballs bursts (Dermer et al.
1999), we are forced to accept that  & 0:5 and therefore that a large fraction of the relativistic inertia of
the blast wave is carried in the form of nonthermal particles.
The physics that undergirds this work was based on the simplifying assumption that the blast wave
evolves in the adiabatic/non-radiative regime. Steps were taken when assigning parameters in Table 1 to be
consistent with this assumption. Yet we identify two situations where a discharge of the nonthermal proton
population can drive the evolution of the blast wave into the radiative regime.
The nonthermal protons are tied to the blast-wave plasma through magnetic coupling, and become free
to escape if the blast-wave magnetic eld were to collapse. In a uniform surrounding medium, the blast





, which is a fraction of a parsec





The low density medium does not have to be exceedingly hot to maintain hydrostatic balance, as in McKee and Ostriker's
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before becoming very nonrelativistic, as expansion losses could deplete the nonthermal particle population
in the nonrelativistic phase. The magnetic eld in the blast wave is sustained by the downstream energy
density of the swept-up material: therefore, no fuel, no eld. The actual particle transport is nontrivial, but
it seems that the nonthermal protons will execute an ordered evacuation from the blast-wave shell. These
particles would add to the general cosmic-ray particle population of that galaxy, and would be subject to
the normal cosmic-ray transport issues, namely convection, diusion, reacceleration and escape. An issue
which we raise but pass over is the environmental eect that a GRB might have on its surroundings that
would modify cosmic-ray transport.
In consequence of the probable clumpy nature of the circummburster environment (Dermer and Mitman
1999; Wang and Loeb 1999; Dermer and Bottcher 2000), a GRB blast wave could pass through tenuous
circumburster medium and discharge a large fraction of its relativistic inertia in the form of nonthermal
high-energy particles. The subsequent evolution of the blast wave as it sweeps up material at its forward
shock would then be better described by asymptotes for the radiative regime. We call this a density discharge.
We also oer a qualitative description of a kinematic discharge, occasioned by the diusive escape of
the highest energy particles out of the blast wave and into the surrounding medium. This conduit for the
loss of relativistic inertia would cause the blast wave's Lorentz factor evolution to behave in an intermediate
radiative regime (see Bottcher and Dermer (2000a)). This incidentally could cause a large fraction of the total
explosion energy to be transformed to the energy of UHECRs. The kinematic discharge could be unstable.
As outlined in Section 3.4 and the Appendix, the equation of momentum and escape of the nonthermal
particles is governed by (at least) four basic processes: the prescription for particle acceleration, photomeson
and ion synchrotron radiation losses, and diusive escape. A fundamental limit to the maximum particle
energy is the Bohm diusion limit that pits synchrotron losses against the Larmor timescale, and we have
used this condition to assign the maximum particle energy.
Figs. 1a and 1b show that photomeson losses are generally not limiting in the external shock model
11
.
A spectral softening of the comoving nonthermal proton distribution is expected at particle energies above
which the diusive escape timescale equals the comoving timescale, followed by an exponential truncation at
the Bohm diusion limit (see Appendix). The energy lost by escaping particles to form the UHECRs has not
yet been properly calculated. It seems likely that for appropriate parameters the escape of the highest energy
particles will cause a discharge that seriously depletes the nonthermal energy reservoir, thereby causing the
blast wave to evolve toward the radiative regime. This radiative transition could be abetted by the decreasing
magnetic eld strength (eq. [22]) and diusive escape timescale of a particle in a slowing blast wave that is
becoming increasingly radiative.
6.2. Cosmic Rays from GRB Sources
We therefore assume that a large fraction of the energy of GRB and FT sources nds its way to become
energetic nonthermal protons and ions in the ISM, otherwise known as cosmic rays.
hot phase, if the external medium was an expelled (and possibly radiatively-driven) stellar wind.
11
The photomeson production timescale is claimed to be very short for large ranges of particle energies in the colliding
shell model of GRB (Waxman and Bahcall 1999; Dai and Lu 2000). This feature could jeopardize the entire UHECR/GRB
hypothesis, as photomeson losses could halt particle acceleration to ultra-high energies! In any case, no calculations have yet
been made of the combined GRB -ray (0.1 MeV - TeV) emission and neutrino production that can be used to test the internal
shell model.
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For purposes of illustration, we suppose that the rigidity-dependent mean grammage (gm cm
 2
) traversal
of cosmic rays, deduced from the abundance of Li, Be, and B spallation products in the cosmic rays at energies
of  6-100 GeV/nucleon, extends without break to the highest energies. Casting the mean grammage
traversal in terms of an energy-dependent timescale for protons to escape from the disk of the Milky Way,
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(Gaisser 1990). The volume-averaged power into the Milky Way from the sources of GRBs in the external










fraction of the nonthermal proton energy that escapes into the ISM, which we approximate by a power law
in Lorentz factor 
CR




. The average nonthermal proton injection rate from
cosmic ray bursts
12



































Equation (62) is a severe simplication, as the spectrum of the escaped particles could be very dierent
from the assumed comoving power-law distribution. Granted this, we proceed by letting p
inj
= p, which
would follow if GRB blast waves have nearly complete discharges through either one of the two discharge
mechanisms described in Section 6.1, or indeed, through another discharge process. The time-averaged
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is the eective cosmic-ray trapping volume in the disk of















The thick dashed curve in Fig. 9 shows the time-averaged dierential cosmic ray energy density that is
produced by CRBs and FTs in our galaxy, based on the preceding assumptions. We let 
CR
= 1 in the gure.
The two solid curves in Fig. 9 show ts to the locally measured energy density of cosmic ray protons. The




















, and ts the results of Simpson (1983) between  10
9







eV shows an extrapolation of the functional form used by Fowler et al. (2000) to t data





this model is accurately t is shown by the two connected arrows in Fig. 9. The ultra-high energy data is
reported by Takeda et al. (1998).
As can be seen, the cosmic-ray energy density from CRBs is at about the 5% level of the measured
cosmic-ray proton energy density. The dot-dashed curve shows that the cosmic ray spectrum produced by
CRBs is at about the same level
13
as the measured cosmic ray ux if 
CR
= 20. It is therefore tempting to
12
These are GRB-type explosions where a large fraction of the explosion energy emerges in the form of relativistic nonthermal
protons and ions in the ISM, i.e., cosmic rays.
13
A better model for the cosmic ray spectrum, which would also increase the neutron and neutrino production eÆciency, has
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speculate that there is actually a greater emissivity of CRBs than estimated by equation (5), and that GRBs
produce a major if not dominant fraction of the cosmic rays. A signicant enhancement in CRB emissivity
could result if the eÆciency for GRBs to produce  rays is much less than obtained in the analytic model
(Bottcher and Dermer 2000), of if the contribution of the sister classes of GRBs to the FT emissivity were
seriously underestimated. But it is not even necessary to require low -ray production eÆciencies or the
existence of hitherto undetected transients. Section 5.3.1 showed that GRB energy injection into the Milky
Way is a stochastic process, with the largest GRBs occuring only once every several Myrs. The stochastic
injection of nonthermal protons could explain the all-particle cosmic-ray spectrum. (The stochastic injection
of nonthermal electrons has been proposed by Pohl and Esposito (1998) to explain features of the diuse
galactic -ray spectrum.) We happen to be living through an episode of enhanced cosmic-ray activity in our
part of the Milky Way due to the proximity of some rather large GRB(s) during the past millions of years.
Alternatively, the Solar Sytem could be located in a region of enhanced star formation and GRB activity,
due perhaps to chance.




) if a large












eV is produced in the local universe, for example, by
neutron production and diusive high-energy particle escape from GRB blast waves, as described in the
Appendix. This ux is normalized to the GRB emissivity, equation (4), and is attenuated in transit using





































where the local GRB and FT emissivity _
GRB
is given by equation (4). The thick dotted curve in Fig. 9
shows the result of evaluating equation (65) with p
U











Several points can be made about the results of this exercise. First, we see that the UHECR ux is
t within 2, in accordance with our original hypothesis. A more careful Boltzmann-equation calculation




), protons that are
degraded in energy by photomeson interactions with the cosmic microwave background radiation would be
added to the population of lower energy UHECRs. Second, although we have optimistically assigned 100%
of the energy emissivity from GRBs to the cosmic rays by assigning 
U
= 1, some fraction must be used to
power the radiant energy in the prompt and afterglow phases of the GRBs, and to supply the residual kinetic
energy of the explosion. The UHECR comparison might therefore also point to a FT emissivity larger than
calculated by Bottcher and Dermer (2000).
A third point is most interesting. SuÆciently hard UHECR injection spectra with injection number
indices . 2 produce pileups of protons and ions from the photo-hadronic process (Sigl et al. 1999; Achterberg
et al. 1999; Stanev et al. 2000). The exercise that we performed using equation (65) assumes that UHECRs
are produced uniformly in the local universe and, in particular, within the ZKG radius. The reduction in
the UHECR ux at E > 10
20
eV mirrors the reduction of x
loss
(E) at these energies (Stanev et al. 2000).
p ' p
inj
' 2:1. Then the break at the knee of the cosmic ray spectrum would arise simply from a change in propagationmode.













. In a magnetic eld with a
mean strength of B
G




) pc. This implies that cosmic rays
sample magnetic-eld gradients in the galactic disk on about this scale height, and these eld gradients modify the cosmic-ray
diusivity so that the propagation behavior is dierent than represented by approximation (61), which is most accurate for
 6-100 GV cosmic rays. An interesting study is the galactic propagation of stripped ions, especially including
3
He, that are
suÆciently energetic to have pc-scale Larmor radii.
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But our local universe within  100 Mpc is certainly not smooth. Apart from our local group, which
contains M33, an Sc galaxy, the Sb spiral M31, and our Milky Way, also an Sb, the nearest rich cluster of
galaxies is the Virgo cluster, which is but one of many other clusters that dene the irregularly shaped local
supercluster and supergalactic plane extending to  50-100 Mpc. Moving away from us at  0:0037c, Virgo
is located  15 to 24 Mpc from us, and is an irregular cluster with > 1500 spiral galaxies, including M58,
M61, M88, M90, M98, M99, and M100, all of which are Sb and Sc galaxies
14
. Suppose that the distance
to the Virgo cluster is 14:9 1:2 Mpc, as inferred from observations of Cepheid variables in the Virgo Sbc
spiral NGC 4571 (Pierce et al. 1994). The value of the 50% horizon distance at 15 Mpc is  3  10
20
eV
(see Fig. 9 in Stanev et al. (2000)). UHECRs with energies  310
20
eV will lose energy and pile up below
 310
20
eV (Fig. 2 in Stanev et al. (2000)) during transit from Virgo to detection here at Earth. We think
that the enhanced ux between  1 and 3 10
20
eV in the data of Takeda et al. (1998), for which there is
evidence that many of these UHECRs originate from the direction of the supergalactic plane (Hayashida et
al. 1996) and the Virgo cluster (Ahn et al. 1999), are UHECRs that suer photo-hadronic losses in transit
from the Virgo cluster to detection here at Earth.
UHECR observations therefore provide a new distance yardstick of the universe in the crucial  10-100
Mpc range where the peculiar motions of galaxies and clusters, which are not yet small compared to the
speed of the Hubble ow, confuse (Freedman et al. 1994) the Cepheid variable method.
The advantage of this method is that the deduced value of H
0
does not depend on the peculiar motions
of the sources. Complications will certainly arise from modeling the arrival energy distribution of UHECRs
from the unknown source energy spectrum and back-tracing the orbits of the UHECRs to their sources (Ahn
et al. 1999), given that the unknown strength of the intergalactic magnetic eld (Sigl et al. 1999; Achterberg
et al. 1999; Farrar and Piran 2000) will increase a particle's path length due to magnetic deection. But the
method is very straightforward. To further illustrate, simply note that if all the & 10
20
eV UHECRs reported
by Takeda et al. (1998) can be shown to be backtraced to the Virgo cluster (Ahn et al. 1999), then the peak
at  1:4-210
20
eV would result from a photomeson pileup if the Virgo cluster is at  20-40 Mpc, using Fig.
2 in Stanev et al. (2000). Considering the crudeness of the application and the reasonableness of the result,
we should not be surprised that when large numbers of UHECRs are measured, the use of UHECRs as a
cosmological distance indicator could provide comparable accuracy to methods involving Cepheid variables
or Type Ia SNe. Clustering analysis of directional anisotropies and predicted numbers of UHECRs will
provide an independent check of source correlation distance (Bahcall and Waxman 2000). Further HiRes
observations will provide an opportunity to test this method. The highest energy event of the handful of
& 10
20
eV events now detected with HiRes carries an energy of 2:8  10
20
eV, with a calibration error
estimated at 30% (C. C. H. Jui, private communication, 2000).
If, moreover, UHECRs can be backtraced to other clusters, then pileups at dierent energies will occur.
For exmample, we expect a pileup of UHECR energies at  10
20
eV for UHECRs from the more distant
Coma cluster at z = 0:0232. Although massive, Coma is, however, a regular spiral-poor cluster, and spiral-
rich clusters within z . 0:02 might be stronger UHECR sources. We suggest in passing that the shelf
below 5  10
19
eV in the data of Takeda et al. (1998) shown in Fig. 9 represents the pileup of UHECRs
formed by sources at distances where the universe begins to be smooth, namely on scales of several hundred
Mpc (compare Fig. 2 in Stanev et al. (2000)). Hence the structure in the UHECR energy spectrum, when
combined with an analysis of UHECR arrival directions (Ahn et al. 1999), can reveal the distance distribution




7. Gamma-Ray Bursts: Sources of Hadronic Cosmic Rays?
The UHECR/GRB hypothesis unavoidably requires that GRB blast waves carry large reservoirs of
energy in the form of nonthermal particles. If these particles can be discharged from GRB blast waves
without experiencing large adiabatic losses, then GRBs could provide a signicant contribution to the directly
measured non-Solar all-particle cosmic-ray proton and ion spectra. Therefore, in addition to producing
UHECRs, a large fraction of the hadronic cosmic rays \below the ankle" could also be accelerated by the
relativistic blast waves formed by GRB reballs.
In view of the observational diÆculties to establish the belief (Ginzburg and Syrovatskii 1964; Hayakawa
1969) that cosmic rays originate from supernovae, we speculate that GRB-type reballs accelerate the
hadronic cosmic rays and ask whether this proposal provides a basis for understanding other observa-
tions. We do not question the ASCA detection of nonthermal X-rays from SN 1006 and its origin from
synchrotron-emitting TeV electrons (Koyama et al. 1995; Laming 1998) that are probably accelerated by
the supernova remant (SNR) shock
15
. Yet spectral signatures of the hadronic cosmic-ray component, which
carries  30-100 times as much energy as the leptonic cosmic-ray component, have not been detected unam-
biguously in the vicinity of SNRs. It is true that cosmic-ray electrons such as those detected from SN 1006
will Compton-scatter microwave background and IR photons to -ray energies and conceal hadronic -ray
emissions (Mastichiadis 1996). But the lack of a clearly dened 
0
-decay feature at 70 MeV from secondary
cosmic-ray production is unexpected in the EGRET observations of SNRs (Drury et al. 1994; Sturner et al.
1997; Gaisser et al. 1998; Baring et al. 1999).
7.1. Emissivity of Fireball Transients
The proposal that cosmic rays are accelerated by the relativistic blast waves of GRB reballs can only
be sustained if the emissivity of CRBs in the Milky Way is large enough to account for the locally observed
cosmic-ray energy density. As mentioned in Section 6.2, this can be realized in several ways. First, a reduced
eÆciency for -ray production in the GRB spectral model would require greater FT emissivity. Second, if
the GRB statistics treatment of Bottcher and Dermer (2000) provides an accurate reckoning of the emissivity
of GRB-type sources, then we may be living through a period of enhanced cosmic-ray production from some
nearby large GRB sources in the past several millions of years. These could be GRBs from massive stars
formed in the Gould belt, which itself seems to have been unusually active in the recent past. Grenier (2000)
and Grenier and Perrot (1999) nd that  20-30 SNe explosions per million years have occurred in the Gould
belt over the past several million years (see also Mukherjee et al. 1997). This is a factor  3-5 above the
typical star formation rate for a volume of this size in the Milky Way, so that relativistic FTs related to
GRBs as well as SNe could also have been much more numerous in the recent past.
Long-term ( Myrs) variations of the cosmic-ray uxes received at Earth by stochastically varying
sources of cosmic rays should leave signatures in radioactive sedimentation layers at the ocean bottom





Al, with mean lifetimes against decay of 2.3 Myr and 1.1 Myrs, respectively. If these isotopes
are produced and transported in suÆcient quantity by the variable cosmic-ray ux, then GRB sources would
imprint long-term variations on the Earth's radionuclear record with excursions in some nuclear tracers
15
Pre-existing nonthermal electrons could also be adiabatically heated by the compressive SNR shock (Blandford and Cowie
1982).
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perhaps as large as an order-of-magnitude over periods of millions of years. Analysis of deep-sea cores
taken in the North and South Pacic (Higdon and Lingenfelter 1973) indicate that if the sedimentation rate
does not vary strongly over the previous several million years, then a signicant increase in the cosmic ray
intensity occurred between  1:5 and 4 Myrs ago. Thorsett (1995) points out that photonuclear production
of
14
C by GRB  rays interacting with nuclei in the Earth's atmosphere would produced enhanced layers of
radionuclei in ocean sediments. The  5700 year half-life of
14
C might be too short, however, to identify the
most recent GRBs that signicantly aect the CR intensity level. Evidence for enhanced
60
Fe radioactivity
in deep ocean crust samples in the South Pacic has also been recently reported (Knie et al. 1999). With a
half-life of 1.5 Myr, variable
60
Fe deposition indicates that ejecta or dust from a recent nearby supernova or
FT reached the Earth.
Evidence for such variations would strongly support this cosmic-ray origin theory, but their absence
would not falsify it for the third reason: There are large uncertainties in correctly accounting for the rate
and emissivity of the sister classes of GRBs, particularly the very dirty FTs. The study of Bottcher and




-dependences of FTs. They showed
that the rate density of clean FTs with  
0
 300 must be suppressed in comparison with the power-law
extrapolation of the  
0
-dependence in the rate-density distribution, equation (1), in order to t the BATSE
GRB statistics. Thus clean reballs cannot be very numerous. By contrast, dirty FTs with  
0
 300 radiate
very little emission at soft -ray energies, so they do not trigger GRB detectors such as BATSE (Dermer et
al. 1999). As a consequence of the blast-wave physics and triggering criteria of GRB detectors, GRBs are
preferentially detected with the peak of their prompt F

emission in the passband of the burst monitor
(Dermer et al. 1999a). Hence soft -ray survey instruments such as BATSE are very insensitive to dirty FTs
with  
0
. 100. X-ray surveys (Grindlay 1999; Greiner et al. 2000) provide better limits on the rate density
of dirty FTs, and are consistent with the /  
 0:25
0
dependence of equation (1) for 50 .  
0
. 100.
Very dirty reballs with 2 .  
0
 50 would produce transients at UV and optical energies that would
last from days to yrs. Because these very dirty FTs do not trigger GRB detectors, the GRB statistical
study of Bottcher and Dermer (2000) does not constrain their rate density, though their numbers must
satisfy limits provided by supernova searches. At some level of reball loading, the power from radioactive






Fe chain, exceeds the rate at which the reball's kinetic energy
is released. These limits on very dirty FTs can be satised, as described in more detail below (Section 8.1).
Even so, a large number of very dirty mildly relativistic reballs could provide the extra emissivity to power
the galactic cosmic rays without violating observational constraints.
In summary, cosmic rays could be accelerated by the relativistic blast waves formed by FTs rather than
by the nonrelativistic shocks formed by conventional SNe. To be quantitative, FTs refer herein to stellar
collapse and explosion events where & 50% of the kinetic energy of the ejecta, following the expansion phase
of the reball (Meszaros et al. 1994; Piran 1994, 1999), resides in relativistic ( 
0
> 2) outows. SNe refer to
stellar collapse and explosion events where & 50% of the kinetic energy of the ejecta resides in subrelativistic
( 
0
 2) outows after the expansion phase. Most conventional SNe (Types Ia, Ib, and II) produce shocks
with speeds . 0:1c. Type Ic SNe could be a transitional type, and relativistic outows have indeed been
detected from the Type Ic SN 1998bw associated with GRB 980425 (Kulkarni et al. 1998). Expansion
velocities of radio SNe inferred from radio luminosity and peak 6 cm data (Weiler et al. 2000) also indicate
that SN 1998bw is intermediate between the SN and FT classes, as dened here.
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7.2. Unexplained Observations Related to the Sources of Cosmic Rays
The proposal that FTs rather than SNe accelerate the non-Solar baryonic cosmic rays may explain
several observations
16
that currently pose problems to the conventional SN hypothesis
17
for the origin of the
cosmic radiation:
The unidentied EGRET sources have not been rmly associated with SNRs and do not display 
0
emission features. The chance probability for the statistical association of unidentied low-latitude 100 MeV
- GeV EGRET -ray sources with SNRs or massive stars is strong but not conclusive (Sturner and Dermer
1995; Romero et al. 1999). Even so, the poor imaging capability of EGRET does not distinguish between
extended or point source emissions in nearly all these cases, so that the  rays from the low-latitude EGRET
sources could have, for example, a pulsar, plerionic or cosmic-ray electron origin. The hallmark 
0
! 2
feature of cosmic-ray proton acceleration at 70 MeV has not, as already noted, been clearly identied in the
spectrum at expected levels, so that there is no compelling -ray spectral evidence that SNRs accelerate
cosmic-ray protons and ions.
TeV gamma rays are not detected from SNRs at the level expected from hadronic acceleration in SNR
shocks. The nearest SNRs such as IC 443, -Cygni, and W44 have not been detected at photon energies
> 300 GeV with the Whipple Observatory (Buckley et al. 1998). The upper limits fall below a power-law-
extrapolation of the -ray ux measured with EGRET (Esposito et al. 1996) by as much as an order-of-
magnitude. As discussed in detail by Buckley et al. (1998), this weakens the case for models of cosmic-ray
proton and ion acceleration by SNR shocks.
The spectrum of the diuse galactic -ray background is harder than expected if the locally measured
cosmic-ray proton spectrum is typical of other places in the Milky Way. EGRET observations (Hunter et al.
1997) of  1 - 30 GeV diuse galactic -ray emission in the inner galaxy can be modelled by a cosmic-ray
proton spectrum with number index 
CR
=  2:45, but is inconsistent when 
CR
=  2:7 (Mori 1997), which
corresponds to the index of the locally observed cosmic-ray proton spectrum. The simplest explanation is
that the spectrum of the cosmic radiation is harder in the inner galaxy than observed locally. An enhanced
ux of cosmic rays with a local index that is softer than the injection index is expected in the vicinity
of an impulsive cosmic-ray source at intermediate and late times after the explosion (Dermer 1989). This
is because the highest energy particles escape rapidly from the injection region due to energy-dependent
diusion, leaving behind a soft intense ux of more slowly diusing cosmic rays. A large CRB occurring
within  1 kpc of the Solar system during the last several Myrs could account for the dierence between the
locally observed cosmic-ray spectrum and the cosmic-ray spectrum inferred from -ray observations of the
inner galaxy.
The origin of cosmic rays at and above the knee of the spectum and the smooth transition at the knee
are diÆcult to explain with a SN shock model. By balancing the available time since the SN explosion
with the time required to accelerate particles at SNR shocks, Lagage and Cesarsky (1983) showed that the
16
For a related but dierent point of view, see Dar and Plaga (1999). A detailed treatment of cosmic ray particle production
and transport in the conventional SN scenario for cosmic-ray origin is provided by Strong and Moskalenko (1998).
17
On a theoretical note, particles that are accelerated in relativistic blast waves do not face the strong Coulomb barrier that
must be leapt in nonrelativistic shock acceleration physics. Particles are captured through a relativistic external shock with
comoving-frame Lorentz factors equal to the blast wave Lorentz factor. The swept-up ions and charged dust (Schlickeiser and
Dermer 2000) are eectively collisionless. This process immediately places all the available swept-up energy into nonthermal
particles, so that a factor   0:5 may be quite reasonable. By comparison, a factor . 10% is often assumed for the eÆciency
to transform the directed kinetic energy of a SN shock into cosmic rays.
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maximum energy of ions with charge Z is  10
14
Z eV. This is below the energy of the knee at  210
15
eV,
but uncertainties in the ejecta mass and density of the surrounding environment could produce agreement
(Gaisser 1990). The SNR shock theory does not explain the origin of cosmic rays above the knee, for
which one possibility is reacceleration of the lower-energy cosmic rays (Axford 1994). Two-source models
invoking either a second galactic component (Fichtel and Linsley 1986) or an extragalactic AGN component
(Protheroe and Szabo 1992) must contend with the diÆculty to model the continuous smooth steepening
observed in the hadronic cosmic-ray spectrum at the knee which, as has been often noted (e.g., Gold 1975;
Drury 1990; Axford 1994), is not easily explained by a transition between two distinct components.
The composition of the cosmic rays near the knee of the spectrum will provide the vital clues to identify
the sources of the cosmic-ray hadrons. Recent observations (Fowler et al. 2000) of cosmic-ray composition
above the knee suggest a change to a lighter composition at  1 - 310
15
eV, above which the composition
becomes increasingly heavier. A simple rigidity-dependent escape from the accelerating source produces a
composition that becomes much heavier with increasing energy, and is not observed (Boothby et al. 1997).
To rst order, the composition of the nonthermal ions in a GRB blast wave resembles the composition of the
swept-up interstellar matter, particularly for the volatile elements. Capture of charged dust by relativistic
blast waves sweeping through dusty clouds, and by weak GRBs that do not sublime the dust before the
blast wave passes through the cloud (Schlickeiser and Dermer 2000), could produce a distinct signature in
the composition of the cosmic-ray refractory elements. Clearly much work remains to reach the level of
sophistication of SNR studies (e.g., Ellison et al. (1997); Meyer et al. (1997) and references therein). The
crucial question that has not yet been considered is whether particle acceleration and galactic transport
eects on cosmic rays accelerated by FTs can reproduce the composition and spectra of the cosmic-ray
all-particle hadron spectrum near the knee and, indeed, at all energies.
8. Gamma-Ray Bursts: Progenitors and Progeny
8.1. Supernovae and Fireball Transients
We have shown that FTs provide suÆcient emissivity to power the locally observed cosmic rays if either
we are living through an episode of enhanced CRB activity in our local neighborhood, or if the FT emissivity,
especially the contribution from very dirty reballs, was underestimated (Bottcher and Dermer 2000). In





[3]). The density of L

galaxies quoted in Section 5.3.1 implies that there is a FT in the Milky Way every
 5000 years. This is far rarer than Type II SNe, which occur in our galaxy every  30-50 yrs. If GRBs
have a beaming factor of 1%, however, these numbers are similar. Because the beaming factor is unknown,
we treat this as a coincidence, and the subsequent discussion assumes that the reball energy is released
isotropically.




ergs and do not gure
importantly in the total energy budget. Their existence (Bottcher and Dermer 2000) is required to t the
BATSE peak count-rate distribution of GRBs at the bright end
18
, and to account for low-redshift GRBs such
18
The apparent Euclidean slope at the bright end of the GRB size distribution has been attributed to coincidence (Fenimore
and Bloom 1995; Wijers et al. 1998) in standard-candle cosmological models where the dimmest BATSE GRBs are inferred to




) on the 1024 ms timescale has been recently
rederived by M. Briggs (see Fig. 19 in van Paradijs et al. (2000)) from a sample of nearly 2000 BATSE GRBs. Although model-
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as GRB 990712 at z = 0:430 and GRB 980425 at z = 0:0085, assuming, as we do, that the latter is associated
with SN 1998bw. This is why the FT rate density employed here is much larger than that calculated by other
researchers (Wijers et al. 1998; Schmidt 1999). Additional GRB redshift data from Beppo-SAX, HETE II,
and Swift can be used to test the dierent statistical models. For example, we (Bottcher and Dermer 2000)
predict a rather uniform number of GRBs per unit redshift at z < 1, whereas the results of Schmidt (1999)
indicate that there will be a steeply declining number of GRBs with decreasing redshift at z < 1. In either




ergs are similar, though our local
FT emissivity, equation (4), is  30-40 times larger than Schmidt's because we have taken into account both
the ineÆciencies to produce -rays and the triggering biases against detecting clean and dirty reballs.
Until measurements of the GRB redshift distribution establish which statistical study is more accurate,
we remain unpersuaded by the claims of Scalo and Wheeler (2000) that GRBs are unimportant to chondrule
formation (McBreen and Hanlon 1999) and the production of HI holes (Efremov et al. 1998; Loeb and Perna
1998). Moreover, contrary to the ndings of Scalo and Wheeler (2000), our results indicate that FTs are
related to the high-mass range of stars that explode as Type Ib/c SNe.
To show this, we closely follow the treatment of Scalo and Wheeler (2000) and estimate the mass range































is dened in terms of the number of events of a given type per 10
10
Solar luminosities in the blue band per














 0:7h. The conversion
factor to galactic events per Myr [GEM = # of events =(MW galaxy -10
6
yr); Wijers et al. (1998)] uses a

























. The local rate density of FTs
calculated by Bottcher and Dermer (2000) is _n
bd
= 440 in the stated units (implying a galactic rate of  200
GEM). The rate densities _n
ssw
that Scalo and Wheeler (2000) extract from the study of Schmidt (1999)
































, where t  10 s is used as an average
GRB duration. This ratio is somewhat smaller than the factor 36 noted in Section 2.1, which may be due
to a correction factor for ineÆciency that Scalo and Wheeler (2000) apply to Schmidt's results.
dependent, this size distribution does not rely on the uncertain relative calibrations of BATSE and the GRB detector on the
Pioneer Venus Orbiter (Fenimore et al. 1993). The BATSE size distribution shows no distinct  3=2 slope, but rather a atter
slope of  1:04 0:10 at P < P
br




and a steeper slope of  2:00 0:22 at P > P
br
. The PVO statistics









, above which the PVO database becomes statistics-limited.
(Note that Fenimore et al. (1993) and Fenimore and Bloom (1995) construct peak-ux size distributions using triggers on the
256 ms timescale. For bright GRBs, the 256 ms and 1024 ms size distributions should be essentially identical.) The statistical
treatment of Bottcher and Dermer (2000) predicts a mixture of low and high redshift GRBs over a wide range of values of P




Note that two measures of the density of galaxies like the Milky Way, which are assumed to be L

-like, are used in this









5.3.1). The method of energy-weighting that was applied to the Schechter luminosity function in equation (5) implies an L




















and Type Ib/c SNe, respectively (Cappellaro et al. 1997; Scalo and Wheeler 2000). The FT rate derived





in supernova units. Hence SNu(II)=SNu(FT )

=
12060, and SNu(1b=c)=SNu(FT )

=
2412. If FTs are related to SNe of a given type, the mass threshold
M
FT>
for producing FTs is related to the mass threshold M
SN>












(Scalo and Wheeler 2000), where 
IMF
is the index of the initial mass function of stars. For a Salpeter IMF,

IMF
= 1:3, and for a steep IMF (Scalo 1998), 
IMF




for the mass thresholds
to produce SNe of either types II and Ib/c. Thus if FTs are the highest mass stars that explode as Type II

















will produce FTs. We doubt, however, that FTs and GRB progenitors are related to SN II progenitors.
Even if \normal" Type II SNe are produced by such high-mass stellar progenitors, it is unlikely that the
stellar collapse events could form the requisite relativstic outows that dene the FTs (Section 7.1). This is
because the gas in the massive H envelopes required for a Type II progenitor would pollute and quench the
baryon-poor outows of the FT, so that no relativistic outow would be possible.
If, instead, FTs are the high-mass range of stars that explode as Type Ib/c SNe, then the mass threshold

















This result indicates that FTs, which include GRBs as a subclass, originate from & 60-100 M

stars that
explode as Type Ib/c SNe. As argued elsewhere (Bottcher and Dermer 2000),  Carinae is the nearest and
most likely progenitor to a GRB in our galaxy. Its mass is & 100 M

(Davidson and Humphreys 1997),
consistent with equation (69), and we think that it will explode as a Type Ib/c SN.
The ratio of the FT and SN Ib/c rates quoted above implies that & 1 in every 24 Type Ib/c SNe
will display relativistic outows including, in  10-50% of the cases, a GRB. This prediction, though very
uncertain in view of the possibility of large numbers of undetected very dirty reballs, can be tested with a
sample of many dozens of SNe Ib/c, where follow-on radio monitoring is used to identify relativistic outows
(Kulkarni et al. 1998; Weiler et al. 2000). The association of GRB 980425 with SN 1998bw represents, in
our opinion, the rst such detection of FT emission from a Type Ic SN. The association of the peculiar SN
1997cy with GRB 970514 (Germany et al. 2000) is, however, too uncertain to test the relationship between
FTs and SNe.
Detailed Monte Carlo calculations will be required to establish whether features in our galaxy and







ergs could account for multiple episodes of chondrule melting (McBreen and Hanlon
1999). An accurate comparison of the number of observable remnants from GRBs and FTs must compare
the kinetic-energy distribution of observed HI shells with the E
0
distribution of FTs, as in analyses of lunar
cratering (e.g., Dessler 1991). It is not valid to approximate the GRB rate by a single value (Scalo and
Wheeler 2000); it is at least necessary to consider the dierential rate of GRB events with total energy or
luminosity.
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8.2. Black Holes from Fireball Transients
Accretion onto a rotating black hole gives the highest eÆciencies for the conversion of rest mass energy
into radiation
20
. The large apparent isotropic energy releases from GRBs has therefore led to the widespread
suggestion that a GRB signals the birth event of a black hole, and that the large energies and compactnesses
of GRBs arise from super-Eddington accretion or coalescence or collapse events. GRB astronomers therefore
record the birth-rate statistics of black holes in our universe. Outlines of some population studies are sketched
here. The aging population of old, young, and newly forming black holes may shine most brightly at -ray
energies. Some or many of the unidentied EGRET sources could be isolated black holes with masses & 10-30
M

that accrete from the ISM.
8.2.1. Population Studies of Exploding Stars
Follow-on optical and IR observations to establish host galaxy types of large numbers of GRBs localized
with Beppo-SAX, HETE II, and Swift will permit some interesting population studies involving production
rates of collapsed stars in dierent types of galaxies, the formation rates of binary and multiple star systems
containing black holes and, when joined with stellar-structure calculations of massive stars, the stellar initial
mass function.
1. Black hole formation in dierent galaxy types. Table 2 extends and reorganizes a table of supernova
rates recently published by Panagia (2000). SN data from Cappellaro et al. (1999) have been renormalized
from the B-band to the H-band luminosity by Panagia (2000), because the H-band luminosity correlates
more closely with galaxy mass. We also list the FT rate derived from the study of Bottcher and Dermer
(2000). Only a handful of GRBs have their host galaxy type characterized, but there is increasing evidence
that the sources of GRBs are found in star-forming galaxies (Section 1). We therefore naively divide the
lower limit to the derived FT rate into the so-called late-type galaxies Sbc through Sd and Sm through Irr
that display the most active star formation. The Milky Way has considerable star formation activity, so
we might also expect that the FT rate for the Sb-Sbc galaxies is comparable to the rate assigned for the
late-type galaxies. The data gaps shown in Table 2 will be lled in with new knowledge from future missions
such as HETE-II and Swift.
We dene the Age Index A
i
by the ratio of SNu
i
(Ia), the rate of Type Ia SNe in galaxies of type i,






(FT ) for these same types of galaxies. The derived
values of A
i
for dierent ranges of galaxy types (E-S0, S0a-Sb, Sbc-Sd, and Sm+Irr) are listed in Table 2.
Because of their rarity, uncertainties in the FT rate do not strongly aect the calculated A
i
. Even if there
are & 10 times more FTs than implied by our analysis of GRBs, due for example to a miscount of the very
dirty reballs, the values of A
i
shown in Table 2 would not dier within the uncertain statistics.
The sequence of A
i
values for galaxy types from E-S0 through Sbc-Sd follows the expectation that young
stars comprise a larger fraction of all stars in late-type galaxies than in early-type galaxies. Table 2 suggests
that there is a mixture of old and young stellar populations in Sm through Irr galaxies to explain the large
value of A
i
found there, implying an older stellar population. Tidal distortions and merging activity between
galaxies could induce starbursts that would produce unusually large values of A
i
in systems that display
20
Other than bulk matter-antimatter annihilation, which operates on a timescale that is far too slow to be relevant for
cosmological GRBs.
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prolic ongoing star formation activity. One can also imagine a galaxy type in the early universe with values
of A
i
 0:1. The SN and FT activity in these galaxies is dominated by the rst generation of active star
formation. These galaxies have not lived long enough to raise to maturity a population of SN Ia progenitors,
namely stars with masses M . 8 M

.
A new order and naming scheme that encompasses both SNe and FTs is suggested by the italicized
headings in Table 2. Thus, for example, SNe which show neither H nor strong He lines in their spectra and
are conventionally classied as a Type Ic would now be called N4s. This arrangement follows an underlying
theoretical model for the sequence of increasing progenitor stellar masses that is suggested in the bottom
line of Table 2, and may correct the historical accident leading to the present classication scheme for SNe.
The nal adopted classication system must certainly be more complicated than outlined here, in order to
account for peculiar SNe and eects of membership in binary and multiple star systems.
2. Formation of multiple star systems containing black holes. Stellar population synthesis models (see,
e.g., the review by Verbunt and van den Heuvel (1995)) explain how multiple star systems with one or more
black hole companions (BH multistars) are formed. We have good knowledge of many BH binary systems
with a range of main sequence companions, such as Cyg X-1, LMC X-1, and A0620-00 (van Paradijs and
McClintock 1995), and their inferred birth rate relates to the FT rate and activity if, as we suppose, the
birth of a BH in a multistar, no less than in isolation, generates an FT. BH-NS and BH-BH binaries may
soon be discovered. If the derived BH formation rate from FTs in our galaxy is & 6  10
 3
SNu, then
population-synthesis assumptions and can be used to model the BH multistar population in our Galaxy. A
very naive assumption is that the distribution of the masses of companions in binary BH systems follows the
stellar IMF. In this way the galactic birth rate of BH-main sequence, BH-NS, and BH-BH binary systems
can be estimated. Coming from the direction of neutron stars, Narayan et al. (1991) estimate the birth rate
of BH-NS binaries to be  30w(kpc) GEM, where the unknown binary pulsar scale height w is estimated at
a few kpc. The FT rate in the Milky Way is & 200 GEM, as can be seen from equations (3) and (66). We
therefore see that unless there exists a numerous population of hitherto undetected very dirty FTs, BHs are
commonly born in binary systems whose companions are either NSs or stars that evolve into NSs.
3. Studies of the high-mass end of the stellar initial mass function. Any discussion on this subject
shorter than a journal article is a caricature. We simply mention that the organizational scheme in Table
2 is testable. Dierent ranges of stellar masses lead to dierent N Types
21
. The birthrates and deathrates
of stars whose birth masses follow the stellar IMF must be in accord. Stellar structure models are tied
and tested by comparing the stellar IMF with the observed rates of N-Type explosions, both of which are
deduced from direct astronomical observations. The calculations are complicated by spin, heat transport,
and compositional variations.
8.2.2. Isolated Accreting Black Holes
If a black hole is formed by every FT, then there are & 200 black holes formed per Myr in the Milky
Way. Over the 1:2  10
10
yr age of our galaxy, & 2  10
6
black holes are thus formed. Given the large
mass of the progenitor stars implied by equation (69), uncertain in respect of not knowing the mass loss
from the violent stellar winds of the FT progenitors, many of these could be black holes with masses  10
21





. Gravitational deection of the black holes o other stars and molecular clouds would increase the scale
height of the older black holes to values exhibited by the older K and M stellar populations (e.g., Bahcall
and Soneira 1980).
A population of isolated black holes that accretes matter from the ISM will thus be formed by GRBs.
If  10% of these black holes have masses & 35 M

, then -ray production from the very sub-Eddington
accretion onto these black holes could be the cause of the unidentied EGRET -ray sources (Dermer 1997;
Armitage and Natarajan 1999). A single population of accreting black holes would account for both the low
and medium-latitude unidentied EGRET sources, because the mid-latitiude -ray sources would result from
black holes within a few hundred pc formed, for example, in the Gould belt, that accrete from the dilute local
ISM. The low-latitude unidentied EGRET sources are, by contrast, due to distant (kpc) isolated black
holes that accrete from dense molecular clouds. Consequently a single source population could produce a
large fraction of the unidentied EGRET sources, and no new population of mid-latitude high-energy -ray
sources (Gehrels et al. 2000) is required.
Gravitational microlensing techniques can be used to search for isolated black holes. The estimated
number of & 10-30 M

galactic black holes suggests, however, that \blind" microlensing searches for galactic
black holes in this mass range would be fruitless. An alternative is to direct optical or radio telescopes to
search for gravitational lensing of background point or diuse radiation elds by an object at the location of
an unidentied -ray souce. Unfortunately, the point-source imaging capability of EGRET was rarely better
than  0:2
Æ
. Even the improved imaging with GLAST may not be adequate to direct microlensing detectors
unless a long wavelength X-ray, optical, or radio counterpart of an unidentied -ray source is found. This
has proven to be diÆcult with the localization of a bright mid-latititude unidentied EGRET source, as can
be seen from the work of Mirabal et al. (2000).
8.3. The Sources of GRBs
What is the meaning of this study for the sources of GRBs? To answer this question, all pretense of
rigor is dropped and we conduct a thought experiment, guided by the statistics that launched the study and
their implications for the masses of stellar progenitors to FTs.
Section 8.1 showed that the density and emissivity statistics of FTs and GRBs are consistently inter-
preted as stars at the high-mass range of those that end their lives as Type Ib or Ic SNe. Because a massive
FT progenitor star would normally evolve far too rapidly to have a collapsed companion, these Type Ib/c
progenitors probably shed their outer hydrogen envelopes through a stellar wind rather than by binary tidal
stripping. To model GRB statistics, we (Bottcher and Dermer 2000) showed that the two most important
quantities to characterize the intrinsic properties of a GRB are its total energy release E
0
and initial Lorentz
factor (or baryon-loading fraction)  
0
. The primary properties of stellar progenitors and black holes are
mass M and total angular momentum or spin  (compare Blandford (1990)). A formal relationship can be
written between the rate-density distribution (1) of FTs, which is a quantity that can be determined from
























) has a complicated dependence on M and  that can only be determined through
detailed stellar-structure calculations. Here we have also assumed that the rate density is a separable function
of redshift z. This is not true in general if, for example, metallicity gradients with z have a signicant eect
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on stellar evolution and explosion properties. Moreover, we have neglected the direction of the spin axis and
so consider the simpler scalar rather than vector rate densities and emissivities. (In the general case, the
stellar parameters M and
~











 is the direction
vector.)
The stellar progenitors of FTs and GRBs have masses in excess of  60 M

(eq.[69]). Because the
dierential stellar initial mass function is much steeper than the dierential dependence of equation (1) on
E
0




spans at least a six order-of-




ergs, the progenitor spin  must play a major role in producing the large
range of E
0
from a range of stellar masses that probably spans not much more than an order-of-magnitude
in masses above  60 M

. One is led to conclude that spin stabilizes the Fe core against collapse in very
massive progenitors of GRBs and FTs, so that the Fe core can reach masses that are much larger than
calculated in non-rotating scenarios. As the star evolves amidst asymmetric burning and convection, the
spin-stabilized core eventually collapses into a neutron uid along its rotation axis that would already have
been evacuated of its overlaying stellar shells because of the lack of centrifugal support. One can imagine {
or must imagine, as no such calculations have been attempted { that a rapidly rotating  2-50 M

Fe core
would abruptly collapse to a nuclear uid beginnning with an instability that propagates outward from the
spin axis. On a sub-second timescale, this uid would undergo distorting nonradial oscillations, be heated
to  10-100 MeV, emit an extraordinary ux of  10-100 MeV neutrinos and antineutrinos, and collapse
into a black hole. The baryon-dilute pair reball from neutrino-antineutrino annihilation would expand and
reach relativistic speeds along the general directions of the spin axis where the overlying stellar material was
earlier lost
22
. When the blast wave formed by the reball encounters its surrounding environment, including
both progenitor wind and ISM material, an external shock develops and is dissipated as UHECRs, pairs,
ISM heating, and the radiation we detect as a GRB.
However speculative this scenario may be, observations of large uxes of prompt  10 MeV-GeV neutri-
nos in coincidence with GRBs would be its dening characteristic. Electrical current ows in a magnetized
shell collapse could also produce a nonthermal high-energy neutrino component. The gravitational wave
radiation would also be large, as can be estimated from the simplest considerations of quadrupole motions
of tens of Solar masses of material on  ms timescales.
Alternative scenarios involving stellar collapse to a black hole are found in recent work by Woosley
and his collaborators (e.g., MacFadyen and Woosley (1999)), based upon the original work (Woosley 1993)
that massive Wolf-Rayet stars evolve and collapse to a black hole through the intermediate formation of a
dense accretion disk. By contrast, we think that there would be no distinct accretion disk, and that violent
oscillations of many Solar masses of nuclear uid collapsing into a black hole would generate a neutrino-
pair reball that would produce a GRB. Using elegant intuitive arguments, Paczynski (1998) argues that
GRBs originate from high-mass stars possibly related to galactic microquasars or a type of supernova with
a high-mass progenitor (Paczynski 1999).
22
We think that although  
0
is probably strongly dependent on direction
~







roughly uniform with direction. It would be diÆcult if not impossible to collimate and redirect so much energy at such large
compactnesses by any physical means. The explosion energy emitted along the equatorial directions would heat and drive o
the remaining shell and freshly synthesizedmaterial at subrelativistic speeds, in contrast to the baryon-poor polar outows that
must be highly relativistic to produce the GRB.
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9. Summary and Conclusions
The proposal that relativistic blast waves rather than SNR shocks accelerate the hadronic component
of the cosmic rays is put forward not so much to confront the traditional belief that supernovae are the
sources of the cosmic rays, but rather to broaden the scope of our thinking. Inasmuch as GRBs are thought
to be produced by an extreme and rare type of supernova (see Sections 1 and 8.1), energetic particles are
undoubtedly accelerated in both nonrelativistic SNR shock waves and relativistic FTs. The question arises
whether FTs provide the bulk of the power for non-Solar hadronic cosmic rays at all energies, for those
cosmic rays around and above the knee, for only the UHECRs, or for none of these.
By adopting the hypothesis that UHECRs are accelerated by GRBs, we have already assumed that
the last-but-one of these possibilities is at least true. But we should not be so condent. Is it merely
a coincidence (Waxman 1995; Vietri 1995) that the the energy density of the UHECRs is about equal to
the local volume-averaged emissivity of GRBs multiplied by timescale for photopion energy losses in the
cosmic microwave background? It might be, and then alternate scenarios for UHECR production must be
considered. The physics of blazar jet sources and GRBs are strikingly similar, so it is entirely reasonable
that radio galaxies, radio quasars, and BL Lac objects should all accelerate hadrons (see, for example, Ahn
et al. (1999) and references therein). It is desirable that a detailed statistical census of extragalactic radio
and -ray sources within the ZKG radius be taken in order to calculate the maximum power available to
make UHECRs by extragalactic jet sources. The attendant diÆculty in such a treatment is to accurately
gauge the levels of direct, scattered and reprocessed light in the infrared that will break down the newly
accelerated UHECRs that are leaving the jet region and the AGN host (Biermann and Strittmatter 1987). If
blazars do accelerate UHECRs, then the radiation pattern of halo emission produced by collimated neutron
beams must be solved to provide a testable prediction; the uncollimated case was treated in Section 5.
Only observations, beginning with searches for neutron-decay halos around star-forming galaxies, con-
tinuing with measurements of cosmic ray composition through the knee region and to higher energies, and
ending with the identication of EGRET -ray sources of unknown origin, will test and, if nature is so
ordered (the universe so numbered), rule out the proposed scenario that cosmic rays are accelerated by
GRBs.
Because there is no compelling evidence to dismiss the hypothesis that the sources of UHECRS are
GRBs, we take the Waxman/Vietri coincidence seriously and inspect its consequence. This is the roadmap
of our journey:
1. The statistical study of GRBs in the external shock model (Bottcher and Dermer 2000) gives the rate














ergs occur at the rate of  0:2 GEM), but most of the energy comes from the few large
GRBs.
2. If GRBs accelerate UHECRs, there has to be an eÆcient nonthermal proton and ion acceleration
mechanism that produces hard (p . 2) particle spectra. Stochastic Fermi particle acceleration, using
the large turbulent magnetic-eld and plasma wave energy reservoir in the blast wave, could be the
mechanism. In a smooth surrounding medium, the total energy in nonthermal particles is limited by
the amount of directed energy that is available to be dissipated. Thus a large fraction of the blast-
wave energy resides in bulk motion well after the end of the prompt phase, which is over within a few
deceleration times. The remaining directed kinetic energy can only be liberated, for example in the
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form of UHECRs, during the afterglow phase.
3. Formulae for the nonthermal synchrotron emission spectra produced by an external shock were used to
derive the comoving nonthermal synchrotron photon spectra in the blast wave. This radiation provides
target photons for the very energetic nonthermal particles. Neutrons, neutrinos, positrons, and pairs
are formed as byproducts of -p and -ion interactions.
4. Neutron and neutrino production spectra and light curves formed in photomeson interactions are
readily derived in the external shock model. The neutrino ux from individual GRBs is far too weak
to be detected by km
2
neutrino detectors, because most of the energy is carried by relatively few very
energetic neutrinos. GRBs might still contribute the major fraction of the diuse neutrino background
for neutrinos with energies & 10
16







ergs & 0:2 will exceed 1% of the total energy; reverse shock emission
giving enhanced target photons could make the neutron-production eÆciency even larger, though SSC
processes might reduce it.
5. Galaxies with GRB activity will be surrounded by neutron-decay halos formed by emissions from -




is the Lorentz factor
of the neutrons that carry most of the energy from the GRB. The shortest halo emission lifetime from
a single GRB is  3  10
5








. Depending on the magnetic eld strength in halos of galaxies, the neutron -decay electrons
will produce a nonthermal synchrotron  halo with peak luminosities at optical/X-ray/soft -ray
energies, and a Compton  halo at very high (GeV-TeV) -ray energies when the high-energy electrons
Compton-scatter photons of the cosmic microwave radiation and induce a cascade. The p-halo formed
by neutron-decay protons is more diÆcult to quantify and could be much brighter than the emission
from a  halo.
6. Because of sensitivity and imaging capabilities, prospects for detecting neutron -decay halo emission
are best at optical and radio frequencies. For optimistic model parameters, it might also be technically
feasible to detect these halos at X-ray and -ray energies. The subtraction of the light from the bright




galaxies should display a  halo from a single GRB near the peak of its luminosity output.
7. The accumulated nonthermal particle energy in the GRB blast wave could escape into the ISM through
density and kinematic discharge mechanisms to become part of the galactic cosmic rays. The emissivity
of GRBs in our galaxy represents  5% of the power needed to form galactic cosmic rays. Due
either to -ray production ineÆciencies not considered in the analytic external shock model, chance
enhancements of FTs in the local spiral arm near the Solar system, or the undercounting of very dirty
FTs, it is possible that the non-Solar hadronic cosmic rays could be accelerated by the blast waves from
FTs, which include GRBs as a subclass. This hypothesis may account for several puzzling observations
that are not easily explained within the standard scenario that cosmic rays originate from SNe.
8. Measurements of cosmic-ray composition near the knee of the cosmic-ray spectrum will provide the
most important tests of this cosmic-ray origin theory, because these observations will determine if
the hadronic cosmic rays originate from multiple components or a single component extending to the
highest energy. Features in the UHECR spectra are formed through photohadronic pileup processes
and, when combined with analysis of arrival directions, imply the distances to UHECR sources. Thus
UHECR observations provide a cosmological distance yardstick for sources between  10 to  200
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Mpc. The UHECRs would consist of both high-energy protons and ions that diusively escape from
FT blast waves, and neutron-decay protons formed through photomeson production in the blast wave.
This latter component could make the composition of the UHECRs become lighter at & 10
18
eV.
9. The stellar progenitors of GRBs and FTs are probably the high-mass (& 60 M

) range of stars that
explode as Type Ib/c SNe. SNe and FTs should be viewed as the explosive endpoints of stars with
dierent ranges of mass and spin. Table 2 suggests a new organizational scheme for the new nova
(N ) types, and points to population studies that can be made when statistically complete samples of
N -type explosions are found in dierent types of galaxies.
10. GRBs may originate from the collapse of spin-stabilized massive Fe cores formed in & 60 M

progenitor
stars. The collapse of the Fe core into a nuclear uid and then to a black hole would be accompanied
by a neutrino/pair reball that forms baryon-poor relativistic outows along the spin axis of the stellar
progenitor, and thence the GRB.
11. If a GRB is the \visible" signature of black-hole formation through stellar collapse, then GRB statistics
imply that & 210
6
black holes should be formed in our galaxy during its lifetime. Many of these will
have masses & 10-30 M

, though the relationship between the masses of the parent star at birth and
the daughter star at death is complicated by the strong stellar winds that must exist to drive o the
envelopes of the high-mass progenitors to FTs. Some of the unidentied low-latitude EGRET -ray




12. The hypothesis that hadronic cosmic rays originate from FT sources implies that we live in a region of
enhanced GRB activity compared to the average FT rate in the Milky Way. This could be due either
to a large population of undetected dirty reballs, or to intense star formation occurring in our local
surroundings. Evidence for elevated star-forming activity in the nearby Gould belt is in accord with
either one or both of these assumptions.
In addition to the search for GRB neutron-decay radiation halos around galaxies, further progress on
these problems will be achieved through three important astronomical studies, namely the continued search
for SN emissions in the late time light curves of GRBs, the search for dirty and clean reball bursts, and the
spectral determination of galaxy morphology types for galaxies that are too distant to resolve.
The rst study requires detailed infrared/optical light curves and spectroscopy of GRB afterglows to
reveal an underlying SN component (Galama et al. 2000; Bloom et al. 1999; Reichart 1999). This will give
the strongest evidence for the relationship of GRB progenitors with stars that explode as SNe
23
. It is unlikely
that the underlying SN component will have a standard light curve such as displayed by SN 1998bw. It is
much more likely that there will be a diversity of SN components in GRB light curves that will reect the
range of masses and spins in GRB progenitors stars.
The second study is to search for the sister classes of GRBs that do not trigger GRB detectors. Present
GRB telescopes have strong triggering biases against dirty and clean reballs that can be remedied with
appropriate slewing strategies and new detector designs (Dermer et al. 1999). Completed optical and X-ray
23
The association of the excess optical emission with a SN component is not certain. Dust reprocessing and dust echoings
of the primary burst radiation have been proposed by Waxman and Draine (1999) and Esin and Blandford (1999) to account
for this excess emission. We suggest another possibility: accretion radiation from the fallback of dense ejecta onto the newly
formed black hole.
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surveys can be reanalyzed to provide limits on cosmic FTs. Search algorithms for new surveys at -ray,
X-ray, optical, and radio frequencies can be optimized to discover or limit the number of FT emissions at a
given sensitivity limit.
The third study, needed to maximize the scientic return from the upcoming HETE-II and Swift mis-
sions, is to use combined spectral and high-resolution imaging information from distant galaxies to determine
morphological type. The large redshifts and distances of most GRB host galaxies make it nearly impossible
to determine Hubble type with certainty from the optical appearance of the galaxy (van Paradijs et al. 2000).
The most important exception is the host galaxy of GRB 980425/SN1998 bw, namely the Type SBb galaxy
ESO 184-G82 (Galama et al. 1999). In order to compare GRB and FT rates with SN rates in galaxies of
dierent Hubble type, it is necessary to know the requisite IR, optical, and UV spectral information to de-
termine, within some condence limit, the galaxy's Hubble type. This can be done by K-correcting empirical
spectra from galaxies of known Hubble types to large redshifts, taking into account galactic and intergalactic
absorption. One diÆculty is that the received spectrum depends on the orientation of the fundamental plane
of the galaxy, which may be diÆcult to determine for the distant galaxies. A second diÆculty is the redshift
evolution of galaxy types in the early universe, which are less regular due to their younger ages and the more
frequent galaxy interactions at early times.
We should nally ask why black-hole formation, as signaled by GRBs events, should occur so prolically
throughout our universe, and why GRB activity is apparently strongly enhanced in our local neighborhood in
comparison with the rest of the Milky Way. According to the \participatory" view in cosmology (Rees 1997),
in order that a universe come into existence through observations by sentient creatures, the fundamental
constants must be so valued that growth of structure and complexity is possible. If, for the sake of argument,
a new universe sprouts from a collapsing black hole, then natural selection will favor universes, much like our
own, with prolic black-hole formation (Smolin 1992). Compared to universes with dierent fundamental
constants, our universe might be very eÆcient at making black holes. This can in principle be tested through
stellar population synthesis models in universes with dierent fundamental constants.
Given that the fundamental constants of our universe do take values that permit the formation of
structure, further environmental pressures must arise within such a universe to favor the evolution of sentient
creatures such as ourselves. Self-replicating organisms would be favored to evolve in quasi-stable metal-rich
environments where the chemical building blocks are available, such as planets around long-lived stars.
Extrasolar planets are in fact found more often near stars with metallicities larger than the Sun's (Butler
2000). The rate at which organisms evolve is strongly aected by the radiation environment, and the
primary GRB radiation can have signicant radiological eects on our planet during the lifetime of the Solar
system (Scalo and Wheeler 2000). We submit that episodic doses of high-energy radiation from enhanced
GRB activity in the vicinity of the Solar system have been at appropriate levels to stimulate biological
diversication through genetic mutations and its role in species variations. This \anthropic favoritism"
improves the chances for sentient creatures to evolve and wonder about the role of GRBs and black holes in
the universe.
This research forms an introductory response to Thomas K. Gaisser's many penetrating questions about
neutrinos from gamma-ray bursts. It is built upon a foundation laid in collaboration with my colleagues
Reinhard Schlickeiser and Markus Bottcher, to whom I am deeply indebted. Comments by M. Bottcher,
K. Weiler, S. Woosley, M. Leising, C. Kouveliotou, R. Berrington, K. Wood, and T. Galama have been
considered in this revision.
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I dedicate this sad and unworthy eort (for all its errors) to the memory of our fallen comrade Jan van
Paradijs.
The proposed synthesis involving GRBs, SNe, cosmic rays, high-mass stars, and black holes can only
have been realized thanks to the hard work and sacrices of gamma-ray and high-energy astronomers involved
with the Compton Observatory
24
and Beppo-SAX missions.
The work of CD is supported by the OÆce of Naval Research and the NASA Astrophysics Theory
Program (DPR S-13756G).
A. Limits on Maximum Proton Energies
Following Sturner et al. (1997), we identify three factors that limit particle acceleration to the highest
energies (see also Rachen and Mesazaros (1998); Gaisser (1990)). They are
1. the available time since the instant of the explosion;
2. the competition to particle acceleration from radiative losses, including proton and ion synchrotron
radiation, photomeson production, and secondary production; and
3. the diusive escape of a high-energy particle from a region with specied sizescale. For second-order
Fermi acceleration of the high-energy particles (Schlickeiser and Dermer 2000), this is the width of the
blast wave shell.
A.1. Available Time
It is best to work in the comoving frame. We restrict our considerations to Fermi acceleration mech-
anisms
25
. The simplest way to describe particle acceleration is by assuming that a particle cannot gain a

































. 1 is a parameter that quanties our ignorance. We need only evaluate  [x(t
0
)] and use equation





















































The available time limit on maximumparticle energy is obtained in the two asymptotic limits by solving


















































Does Compton's death matter? See gamma.nrl.navy.mil/dap-aps
25
Particle acceleration induced by the electrostatic elds formed in the sweep-up process are noted but ignored.
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In the external shock model, the received bolometric power from a burst source exploding in a uniform
surrounding medium is greatest at the deceleration time t
d
(Dermer et al. 1999)(see equation (16)). By t
d
,





















The deceleration time t
d










= 300 (equation (16) and








eV at the beginning of the
deceleration phase for parameter sets (A) and (B), respectively.























, we see that acceleration of protons to 10
20
eV energies is allowed for parameter
set (B) and a wide range of other parameter sets when f
L
 1. Acceleration of protons to energies above
10
20
eV does not occur for parameter set (A) during the prompt phase, but does occur in the afterglow
phase. This could somewhat reduce the neutron and neutrino production eÆciency calculated in Fig. 5, but
not greatly, because most of the energy lost through photomeson production occurs in the afterglow phase
for injection indices p . 2:3. Again we recall arguments made in more detail elsewhere (Dermer et al. 2000b)
that, in view of no strong SSC component emerging at X-ray and optical wavelengths, and the evidence
for cooling breaks in GRB afterglow spectra, the magnetic eld probably evolves to its equipartition value
e
B
 0:1-1 during the afterglow phase. The \available time" constraint is therefore largely unimportant in
limiting UHECR acceleration in GRB blast waves, and even less so if the blast-wave magnetic eld evolves
towards its equipartition value.
A.2. Competition with Radiative Losses
Proton acceleration stops when the proton synchrotron energy-loss rate dominates the energy gain-rate
equation (A1). THis gives the Bohm diusion limit, obtained by balancing the shortest acceleration timescale






















cm, against the proton synchrotron-loss timescale t
p;syn
given by equation (32). It easily follows that the









































The Bohm diusion limit is implemented in the calculations. Thus, for example, the timescales of the highest
energy protons shown in Figs. 1a and 1b derive from this limit.
Radiative losses due to photomeson production have already been treated in detail in Sections 3.3 and










at the highest proton Lorentz factors
for GRB blast waves that evolve in the weak cooling regime starting from the prompt phase (Sari et al.












behavior in the weakly cooled regime mirrors the number of photons in the low-energy
asymptote of the elementary synchrotron emissivity spectrum produced by an electron distribution with
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a low-energy cuto (e.g., Katz et al. 1994; Tavani 1996). Because of the paucity of the numbers of soft
photons in GRB spectra, which would be made worse if synchrotron self-absorption plays a role, photomeson
production does not provide as hard a cuto to particle acceleration as does the proton synchrotron process.
When the ratios shown in Figs. 1a and 1b exceeds unity, then protons with such Lorentz factors would lose a
large fraction of their energy within the available comoving time t
0
. A complete solution for the photomeson
analog to the Bohm diusion limit is somewhat model-dependent, though fairly straightforward within the
context of the external shock model. This exercise follows by balancing equations (31) and (A1). Secondary
production losses are most important at early times when the blast wave is thin and dense, and could form a
prompt high-energy gamma-ray signature if particle acceleration is rapid, and a low-level GeV-TeV -decay
ux in the early afterglow (Pohl and Schlickeiser 2000).
A.3. Diusive Escape from Blast-Wave Shell
If particles diusively escape on a timescale much less than the comoving time, then the ux of the
highest energy particles will be reduced. The proton energy at which escape starts to be important can be
derived by treating particle escape as a random walk to the edge of a shell of width 
0
in the comoving
frame. This assumes that the nonthermal particles are well-mixed in the shell which is threaded by a randomly
oriented magnetic eld. The mean-free-path for a nonthermal proton is approximated by the Larmor radius
r
L
















for the particle to traverse the length 
0
through a random walk.






. 1 for an adiabatic blast wave (Blandford and McKee 1976;
Meszaros et al. 1993). Protons with Lorentz factor 
0
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This generally gives a proton energy smaller than the limit in equation (A6), although it still exceeds 10
20
eV by a large factor for the most energetic GRB sources. Insofar as equation (A6) sets a denite limit on
the maximum proton energy, we use that condition here.
A.4. Proton Continuity Equation
This Appendix has helped establish the basic props that are needed to solve numerically the proton












































The related time-independent diusion equation has been analytically treated in restricted regimes by
Schlickeiser and Dermer (2000). Textbook analytic solutions to time-dependent continuity and diusion
equations (e.g., Syrovatskii 1959; Ramaty and Lingenfelter 1971; Schlickeiser 1984) do not generally apply
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to equation (A9), because the coeÆcients in the acceleration and loss terms comprising _ depend in general
upon time. The most interesting physics centers on the \correct" description of _
acc
to replace equation
(A1). Even the simplest considerations of stochastic gyroresonant acceleration of protons by the Alfvenic
turbulence generated in the sweep-up process involve formidable problems of wave generation, cascading,
and damping. We defer this problem to the future, noting some relevant papers (Pohl and Schlickeiser 2000;
Schlickeiser and Dermer 2000; Dermer et al. 1996; Miller and Roberts 1995; Miller and Steinacker 1992;
Steinacker and Miller 1992) and references therein.
Intuition suggests that there will be a spectral softening of the accelerated particle distribution for
protons whose Lorentz factors are below the Bohm limit but are still large enough that these same protons
diusively escape on about the comoving timescale. The same thing goes for the nonthermal ion distributions.
The escaping particles blend with the dilute stochastic rains of UHECRs that penetrate intergalactic space.
The reduction in eÆciency of neutron and neutrino production by this eect remains to be calculated.
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Table 1. Standard Parameter Sets














Initial Lorentz factor 300 300
e
e
Electron Energy Transfer Parameter 0.5 0.1
e
B






Maximum Particle Energy Parameter 1 1
n
0








p Nonthermal Particle Injection Index 2.2 2.2
 Nonthermal Proton Energy Fraction 0.5 0.5
f

Blast-wave Width Parameter 1 1
a
Parameter set giving good spectral ts to -ray luminous phase of GRBs
b
Parameter set giving good spectral ts to afterglow phase of GRBs
c
Apparent isotropic energy release
d
Surrounding medium is assumed to be uniform density
Table 2. Supernova and Fireball-Transient Rates in Supernova Units
a
Supernova and Fireball-Transient Types
Galaxy Type SN Ia SN II SNIb/c FT Total Age Index
N1 N2 N3/N4 NF
E-S0 0.050.02 < 0:02 < 0:01    0.050.03 > 1.7
S0a-Sb 0.100.04 0.240.11 0.060.03    0.400.24 0.330.16
Sbc-Sd 0.210.08 0.860.35 0.140.07 & 0:003
b
1.210.64 0.210:11




























































































circles), proton synchrotron radiation (lled circles), and secondary production (straight lines) as a function
of the proton energy E measured by an observer. Curves are either denoted by the observing time in seconds
or by the base 10 logarithm of the observing time in seconds. (a) Parameters giving good ts to GRBs during
the prompt phase, including e
e




. Dotted lines show approximate expressions for the
photomeson process given by equation (27).(b) Parameters giving good ts to GRBs during the afterglow
phase, including e
e
= 0:1 and e
B






















































































Fig. 2.| Instantaneous production spectra for neutrons (a) and neutrinos (b), labeled by the base 10
logarithm of the observing time in seconds. The prompt phase parameter set (A) is used in (a) and the
afterglow parameter set (B) in (b). The thick solid and dotted curves give the time-integrated spectra for





























































Fig. 3.| Production eÆciencies for neutrons, denoted by \n," and neutrinos, denoted by \," as a function
of apparent isotropic explosion energy E
54
in units of 10
54
ergs. Prompt and afterglow parameter sets are
denoted by labels (A) and (B), respectively. Neutron production eÆciencies are also shown for the standard
parameter sets, except now with  
0
= 30 and  
0
= 3000. Inset shows the dependence of the neutron
production eÆciency on the injection index p of the nonthermal protons for parameter sets (A) and (B),
















































Fig. 4.| Diagram illustrating the temporal behavior of the rate at which neutrons and neutrinos with
energies E = m
i





is the deceleration time. The lower triple-dotted dashed lines and the upper dot-dashed
lines bound the production of particles due to the lack of available photons or the Bohm diusion limit,
respectively. The other regimes are a consequence of the spectral shape and evolution of the synchrotron
soft photons, and the evolution of the energy in nonthermal protons. The interior tetragon denes the time


































energies. Neutron production time proles are given by the solid and dotted curves, and neutrino time
proles are given by the short-dashed and long-dashed curves for parameter sets (A) and (B), respectively.
No neutrinos are produced at 10
20

































Fig. 6.| Calculations of the diuse neutrino background ux produced by GRBs with parameters given by





equation (1) for the dierential GRB emissivity. This result represents a weak lower limit to the predicted
neutrino ux if the UHECR/GRB hypothesis is valid. Other eects, such as reverse-shock emission, could
























Number of Neutrino Events N
n
Fig. 7.| Calculations of expected event rate of neutrinos from GRBs for a 1 km
2
detector for parameter

























































Fig. 8.| Calculations of spatially integrated synchrotron and Thomson spectra radiated by neutron -
decay electrons emitted from a single GRB that radiates 10
52
ergs in neutrons. The neutron decay spectra



























































Fig. 9.| Comparison of the observed cosmic ray energy density with the predicted energy densities of
cosmic rays that originate from reball transients (FTs) and GRBs. The two solid curves show extrapolated
ts to the observed (Simpson 1983; Fowler et al. 2000) cosmic ray proton spectrum, and the data points
are UHECR observations (Takeda et al. 1998). The thick dashed curve shows the predicted time-averaged
cosmic ray spectrum for an L

galaxy such as the Milky Way if a large fraction of the energy from FTs is
channeled into a nonthermal particle spectrum with p = 2:2. The thick dotted curve shows the predicted
UHECR ux if a large fraction of FT emissivity in the local universe emerges in the form of UHECRs. The
thin short-dashed curve shows that an enhancement in the local emissivity by a factor of  20, for example
by temporal stochastic processes, underestimation of the FT emissivity, overestimation of -ray production
eÆciency from GRBs or the preferred location of the Solar system near star-forming regions, could explain
the origin of cosmic rays through production by FTs. The t to the UHECR spectrum is described in the
text.
